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THE FLUORESCENCE OF MERCURY VAPOR 
By J. S. VAN DER LINGEN anv R. W. WOOD 
ABSTRACT 


The Fluorescent spectrum of mercury vapor cannot be excited in quiescent vapor, but 
only in vapor which is being distilled from the metal at a temperature of 150° or more. 
This proves that the active molecules are not neutral monatomic molecules but others 
present only during distillation, perhaps diatomic molecules. The spectrum consists 
of three lines—a 2536, 2539, and 2346 A—and four structureless bands with maxima 
at 2346, 2540, 3300, and 4850 A. While the complete spectrum is excited by light 
from a zinc spark, single lines excite only part. The relation of the spectrum to the 
exciting light is of great interest. The broad bands with maxima at 3300 and 4850 
may be excited, with varying relative intensity, by » 1854-62, 2346, or 2536-40 A; 
whereas the band \ 2346-2100 A is excited only by \ 2000-2150 A, the position of the 
maximum depending on the particular wave-length used. All the effective exciting 
lines lie, of course, in the absorption spectrum of mercury vapor. 

The fluorescence of mercury vapor was first observed by Hartley 
while he was carrying out experiments on the absorption spectra of 
the elements and their compounds.'* 

He found that the hot vapor, which was contained in an unex- 
hausted quartz vessel, showed an absorption band which extended 
from 2526.8 A to 2571.67 A and that it fluoresced when it was 
excited by either a lead-cadmium or a tin-cadmium spark, the 
color of the fluorescent light being bluish green. He observed that 
the fluorescent light was most brilliant when the mercury was boil- 
ing briskly and that the fluorescence ceased when all the mercury 
had been converted into vapor above the boiling-point of the 
metal. 

t Proceedings of the Royal Society, 76, 428, 1905. 


149 











150 J.S. VAN DER LINGEN AND R. W. WOOD 


From these observations he concluded, (a) that the phenomenon 
was not due to oxidation, because of the expulsion of the air during 
the brisk boiling of the metal, and (}) that there must be an upper 
and a lower limit of temperature between which fluorescence 
occurs. 

Subsequently Professor R. W. Wood proved that mercury 
vapor i vacuo, at room temperature, shows two absorption lines, 
viz., 2536.7 A and a fainter one at 2539.3 A, and that these fuse 
together when the temperature is increased, while a band develops 
asymmetrically toward the red end of the spectrum, the head of 
the band remaining fixed at 2536.7 A." If air be introduced into 
the bulb, the head first grows symmetrically for about 8 angstrom 
units on either side of 2536 A, and then extends toward the red end 
only. It was thus due to the presence of air that Hartley found the 
absorption band extending to 2526.8 A. Wood also found that 
there are absorption lines at 2346.1, 2339, 2334-4, and 2331.2 A 
and that these lines shaded off toward the violet end of the spectrum. 
If the density of the vapor be increased, these lines fuse together 
and form a band. The development of this band is difficult to 
trace because it is blotted out by the absorption band which heads 
from the absorption line 1849 A to the visible spectrum. He found 
that the fluorescent spectrum of the vapor i vacuo is continuous 
and extends “roughly from the yellow down to wave-length 3000 
with a very pronounced minimum at wave-length 3600,” and that 
these bands show very little change, if any, when the vapor is 
excited by isolated lines of a spark spectrum. In addition to these 
fluorescent bands Wood found an emission line at 2536.7 A, and 
a fainter companion line 2539.4 A when the vapor is excited by an 
aluminum or cadmium spark, the emission being due to the last 
aluminum line and a group of cadmium lines which lie near the head 
of the 1849 absorption band. In the latter case, however, the 
emission line is much weaker than in the case of aluminum excita- 
tion. ‘This line appears strongest when the vapor density is such 
that the visible fluorescence does not quite appear. As the tem- 
perature is raised and the visible fluorescence grows stronger, the 
2536 line fades away.” Furthermore he showed that the fluores- 


t Philosophical Magazine (6), 18, 240, 1909. 
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cence disappears when the vapor is superheated, and also when air 
is introduced into the bulb. 

Immediately after the appearance of Wood’s results Steubing 
published his observations on the fluorescence of mercury vapor, 
and he showed that not only is the mercury line 2536 A emitted, 
but also the mercury line 2346 A, when the vapor is excited by an 
aluminum spark. He also found a fluted band, which extends from 
this latter line to about 2100 A. Furthermore he found that the 
ionization of the vapor was increased when it was excited by 
radiations lying within an absorption band of short wave-length. 
These results, he maintains, are in conformity with Stark’s theory 
of absorption and fluorescence. 

In 1914 Phillips? examined the resonance phenomenon of this 
vapor, which was discovered by Wood, i.e., the emission of 2536 A 
when the vapor at room temperature is excited by 2536A of a 
water-cooled quartz-mercury arc. In order to determine the percent- 
age of secondary resonance radiation, he allowed the vapor to distil 
past a horizontal slit and discovered that the vapor emitted 2536A 
as well as the fluorescent bands after it had passed out of the tract 
of the exciting light. He maintains that there are four fluorescent 
bands which from their position on his spectrum appear to be at 
the following positions approximately: (1) a diffused band at about 
2700 A; (2) heads on 3132 A and ends at 3650A; (3) at 4360 A; 
(4) a narrow band on the side of this region toward long wave- 
lengths. From what has been said it appears that mercury has 
absorption lines at 1849, 2346, and 2536 A and three absorption 
bands: (1) heads from 1849 A to the visible spectrum; (2) consists 
of the fused lines at 2346 A which develop into a band; (3) extends 
asymmetrically from 2536 A to the visible spectrum as the tempera- 
ture is increased. 

With regard to the work on the fluorescent bands and lines the 
results of the different observers do not agree. 


OBJECT OF RESEARCH 
The object of the following work was to find, as far as possible, 
the exact conditions under which mercury vapor fluoresces, and 


* Physikalische Zeitschrift, 10, 787, 1909. 
2 Proceedings of the Royal Society, 89, 39, 1914. 











152 J.S. VAN DER LINGEN AND R. W. WOOD 


also to determine the correlation between excitation in the various 
absorption bands and the emitted fluorescent lines and bands. 

In the course of a somewhat extended study of the fluorescence 
of the vapor made by one of us, phenomena have from time to 
time been noticed which indicate that the fluorescence is not due 
to the monatomic mercury molecule. The evidence was thus 
summarized in a monograph on fluorescence not yet in print: 

A thin-walled bulb, highly exhausted and containing a drop of mercury was 
heated in an Heraeus electric furnace and illuminated by an aluminum spark 
placed close to the bulb. The temperature of the furnace was determined by 
a nitrogen-filled mercury thermometer, placed close to the quartz bulb. With 
the temperature rising very gradually a very feeble fluorescence was observed 
at 150°C. while at 170°C. it was very bright. The density of the mercury 
vapor is increased less than twofold by this temperature increase, whereas the 
intensity of the fluorescence was certainly tenfold, if not more. On cooling 
the furnace, fluorescence disappeared entirely as soon as the temperature had 
fallen three or four degrees, though the density was much greater than that 
at which good fluorescence had been obtained with a rising temperature. 

This makes it appear probable that something, diatomic molecules perhaps, 
commenced to come off the mercury at a temperature of 150°, the percentage 
of these fluorescing bodies increasing with rising temperature. As the tem- 
perature falls these bodies are no longer given off, and those already present 
disappear, probably by conversion into ordinary monatomic vapor. 

The present investigation started out with a more careful study 
of this phenomenon. The experiment was repeated by using a 
similar quartz bulb which was placed over an asbestos chimney and 
gently heated by means of a Bunsen burner while a thermometer 
was placed over the bulb. On exciting the vapor by means of an 
aluminum spark placed near the bulb, it was found that the vapor 
exhibited faint fluorescence at 160°C., the intensity increasing 
rapidly with a rise of temperature. 

On allowing it to cool, the fluorescence would cease at about 
200°, and would only appear again on reheating up to 220°C. 
Very variable results were obtained by this method of heating, as 
was perhaps to be expected, but they verified completely the result 
of the earlier investigation, namely, that the intensity of the fluores- 
cence is a function of something other than the vapor-density. 

To secure a better control of temperature, an electric furnace 
was constructed of galvanized iron, lined with asbestos, the interior 














THE FLUORESCENCE OF MERCURY VAPOR 153 


being divided into two compartments by a vertical sheet of asbestos 
board. Two quartz bulbs joined by a short tube formed the 
mercury-vapor chamber, the tube passing through the asbestos 
partition. On either side of this partition an equal number of 
heating spirals were connected in series, and at the same time 
compensating spirals, having independent circuits, were fixed 
radially in each compartment. In this way the two connected 
bulbs could be kept at the same temperature, or a given difference 
of temperature between them could be established and_ held 
indefinitely. The exciting light entered the furnace as a parallel 
beam through a lateral hole, passing through the two bulbs and 
their connecting tube. In some cases the bulbs were illuminated 
one at a time by a beam entering the furnace at right angles to 
the axis of the bulb system. At constant temperature visible 
fluorescence could not be obtained; in other words, it was apparent 
that distillation must be going on in order to secure fluorescence. 
To settle this point definitely, the following very conclusive experi- 
ment was performed: 

Two bulbs of very thin quartz, each about 1 cm in diameter, 
were joined by a short tube of quartz of about 1.5mm bore. 
The two bulbs were mounted over a tall asbestos chimney, with a 
Bunsen burner at its base. The bulbs of two thermometers were 
placed immediately above the quartz bulbs. Operating under 
conditions avoiding air currents in the room, the two bulbs could 
be held at nearly the same temperature. One was always a little 
cooler than the other (about 5°) and in this one the liquid mercury 
of course collected. 

When things had reached a steady state, say with one bulb at 
200° and the other at 205°, both bulbs being illuminated by the 
light of an aluminum spark placed close to them, o fluorescence was 
observed. A blast of cold air, delivered through a small tube, was 
now directed against the hotter of the two bulbs, reducing its 
temperature enormously. The other bulb instantly flashed into a 
bright green fluorescence, which persisted until the last drop of 
mercury in it had disappeared, vanishing at the moment when 
distillation ceased. 
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The mercury was found now deposited as a dew on the cooled 
spot of the wall of the other bulb. The air current was now stopped 
and presently this bulb commenced to fluoresce as its temperature 
soon rose to its original value (205°) and the mercury began to 
distil back. No fluorescence was shown in either case in the bulb 
in which condensation was taking place. This was to be expected, 
as the pressure was lower in this part of the system. 

However we interpret the results of this experiment, the fact 
is definitely established that only freshly formed mercury vapor is 
capable of exhibiting fluorescence. 

This is not true of the resonance radiation described in previous 
papers by one of us, since mercury vapor in an exhausted tube at 
room temperature emits powerfully monochromatic light of wave- 
length 2536 A when illuminated by light of this same frequency 
obtained from a water-cooled quartz-mercury arc. Now it is known 
from the previous investigation just alluded to that the same radia- 
tion is also emitted by comparatively dense mercury vapor (say 
4mm pressure) when it is illuminated by the spark lines in the 
region 1860-1870 A. 

It seems therefore desirable to ascertain whether this emission 
depended also upon distillation. This radiation appears first at 
much lower vapor-densities than any at which visible fluorescence 
does, which suggests that it very probably results from the stimula- 
tion of monatomic mercury molecules, and does not depend upon 
the presence of diatomic molecules or other unique ‘entities. 

The presence of this radiation can of course be detected only by 
the quartz spectrograph. The double bulb just described was 
used as before, the spectrograph being directed at the hotter 
bulb (250°). An exposure of 2 minutes was given, the bulb being 
illuminated with the light of the aluminum spark. A faint trace 
only of the 2536 Hg line appeared on the plate: no visible fluores- 
cence was observed. ‘This experiment was now repeated, and after 
an exposure of 2 minutes had been given, the spectrograph was 
screened off and the mercury brought over into the hotter bulb 
by an air blast. On removing the blast, the mercury commenced 
to distil back, and visible fluorescence occurred. Exposures were 
now made on the same plate of 2, 4, 6, and 8 seconds’ duration. 
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On developing the plate it was found that the exposure of 2 seconds 
with the vapor distilling recorded the 2536 line with the same 
density as the 2 minutes’ exposure of the stagnant vapor. This 
indicates that the 2536 emission line, excited by the short-wave- 
length spark lines, results in all probability from the stimulation of 
the entities which give rise to the visible fluorescence, but that 
a few of them are present even in the stagnant vapor, distillation 
increasing their number about sixty fold. 

We will now consider the relation which exists between the 
wave-length of the exciting light, and the distribution of intensity 
among the various fluorescent bands and lines. 

The absorption of mercury vapor is rather complex, and as one 
or two points in regard to it were still somewhat obscure, the 
investigation commenced with a study of this phenomenon. 
Combining previous work with our supplementary observations 
we arrive at the conclusion that the absorption spectrum is as 
represented in Figure 1a, viz.: 

1. A strong absorption line at 2536 A, and a weaker one at 
2539 A. 

2. Four lines at 2346, 2339, 2334, 2331 A which fuse together 
with rise of temperature, forming a band which gradually pushes 
toward the side of short wave-lengths with increasing vapor-density. 

3. There is in addition a strong absorption line at 1849 A corre- 
sponding to the powerful emission line at the same point. 

4. Two strong and very asymmetrical absorption bands, one 
with its head in close proximity to the 2539 line and the other 
with its head near 1849 A. These bands creep out gradually, with 
increasing vapor-density toward the region of longer wave-lengths. 

The complete fluorescence spectrum, which, for reasons which 
will be explained presently, is given by excitation with the zinc 
spark, is shown diagrammatically in Figure 1d. 

It consists of: (1) a symmetrical structureless band, extending 
from the red down to wave-length 3700, with its maximum at 
4850 A; (2) a similar broad band with a maximum at 3300 A, the 
two fusing together with long exposure; (3) an asymmetrical faint 
band coinciding with the absorption band just above 2539; and 
(4) a somewhat asymmetrical band extending from 2349 to 2100 A. 
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There are in addition the lines 2536 A and 2539 A, which, how- 
ever, are not very strongly developed with the zinc spark. 

It is of the utmost importance to find out how the absorption 
bands and lines are related to the fluorescent emissions. 

For the examination of this point it is necessary to excite the 
vapor with monochromatic radiation or groups of such radiations 
lying in different regions of the absorption bands. 


| 





18 22 26 30 34 38 2 46 50 54 
Fic. 1 
a, absorption spectrum 
b, fluorescent spectrum due to excitation by zinc spark 
4, exciting lines |, emission lines 


Two methods have been employed for the isolation of such 
radiations, viz., prismatic decomposition of the light of the spark 
by means of two large quartz lenses with a quartz prism, and the 
method of focal isolation employed by Rubens and Wood for the 
isolation of very long heat waves. 

-In the former case two quartz lenses of 8 cm aperture and 50 
cm focus were used in conjunction with two Cornu prisms, mounted 
on top of one another. In this case the bulb was placed imme- 
diately behind a tin screen, perforated with a slit and coated with 
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Willemite, on which the spark lines were focused. This screen rested 
on the funnel beneath which the Bunsen burner was placed, and 
the bulb was placed immediately behind the slit. By moving the 
quartz lens any desired spectrum line could be passed through the 
slit to the bulb. 

In the second case the central portions of each lens were screened 
off by means of a black paper disk. The axes of the lenses and the 
spark were placed in line with a small, circular hole in a metal 
screen, coated with Willemite, behind which the bulb was placed. 
The desired groups of rays were then focused so as to pass through 
this hole on to the bulb. The object of the disk was of course to 
cut out the central beam of light. 

This second method gives greater intensity of illumination, as 
the absorption of the prism is avoided, the full aperture of the 
lenses is utilized, and the greater transparency of the thin edges of 
the lenses for the very short wave-lengths comes into play. It 
suffers from the disadvantage that only a rather wide group of 
radiations can be isolated. Focal isolation with mercury fluores- 
cence clearly shows the presence of the group of weak zinc lines 
between 1900 A and 1860 A. These lines are absorbed by the 
monochromator to such an extent that they have no effect on either 
the Willemite screen or the mercury vapor. To avoid the possible 
absorption of the fluorescent light by the vapor, the quartz spectro- 
graph was directed toward the face of the bulb where the light 
entered in such a direction that little of the exciting light was 
reflected into the spectroscope. This condition was obtained by 
reducing the diaphragm of the spectroscope and observing the 
bulb through the instrument (eye placed at the focus) and arrang- 
ing matters in such a way that none of the spark images seen 
reflected from the bulb walls fell within the aperture of the 
diaphragm. 


EXCITATION IN THE 1849 ABSORPTION BAND 


This absorption band begins at wave-length 1849 A and extends 
toward the visible spectrum with increase of vapor-density, reach- 
ing 2200 A at about 280° C., with a column of vapor ro cm in length. 
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On separating the aluminum lines by means of the mono- 
chromator and allowing Al 1854 to excite the vapor, it was found 
that visible fluorescence first appeared at 210° C. and that the 
slightest increase in the temperature caused the fluorescent beam 
to recede to the face of the bulb. 

On photographing the emission spectrum it was found that the 
excitation caused the emission of the 2536 line, and the continuous 
band in the green-violet (maximum at 4850). On increasing the 
density and photographing the emission spectrum again, it was 
found that the 2536 line was weaker, the green-violet band was 
more intense, and the ultra-violet band (maximum intensity at 
3300 A) now appeared and grew stronger as 2536 A decreased in 
intensity. No trace of the 2539 line appeared, though this may 
have been due to insufficient exposure. 

From this it appears that excitation at low vapor-density, with 
radiation at the head of the extreme ultra-violet band, causes a 
concentration of the emitted energy in the green-violet band; at 
higher vapor-density, however, the ultra-violet band appears and 
the 2536 line fades away. The same thing was observed if the 
excitation was caused by the Al lines in the region 1854-1862, 
though in this case there was a trace of the ultra-violet band, even 
at the low density, while at the higher density it was nearly as 
strong as the green-violet band. The development of the ultra- 
violet band is thus seen to be favored by excitation in a region a 
little removed from the head of the band. 

It must be understood, however, that the wide ultra-violet 
absorption band may be a complex of several bands, each one 
associated with an emission band. Ii this were the case, we should 
then have the green-violet band associated with the component of 
the ultra-violet absorption band which falls just above the 1849 
line, the ultra-violet emission band with a component of the absorp- 
tion of somewhat longer wave-length, and if there were a third 
component of still longer wave-length, and we excited in this 
region, we should expect a third fluorescent band still farther down 
in the spectrum. 

This is, in fact, the case, because on excitation by the group of 
zinc lines in the region 2000-2150 A we find a new fluorescent band, 
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not previously described, in the region 2349 to 2100. This band 
occupies approximately the position of Steubing’s fluted band, of 
which we have never been able to find any trace. In addition, we 
find a trace of 2536 A and 2539 A and a faint band with its head 
at 2539 A which corresponds to the absorption band shown in 
Figure 1a. 

The newly discovered fluorescent band at 2346 A behaves in 
a manner quite different from that of the bands in the green-violet 
and upper ultra-violet. 

This band is excited in its entirety by the group of four zinc 
lines 2024, 2061, 2909, and 2138 A. If these are separated by the 
monochromator and the excitation is produced by each in turn, it 
is found that the region of maximum intensity in the new ultra- 
violet band moves to the violet end of the spectrum as the exciting 
line moves toward the visible end of the spectrum, i.e., excitation 
by the zinc line of shortest wave-length gives us only the portion 
of the emission band of longer wave-lengths, while excitation by 
the zinc line of longest wave-length gives only the short-wave- 
length portion of the band. Expressing this in other words, when 
we excite by the zinc lines in succession (increasing wave-length), 
the emission band moves down toward the excited region. If now 
we move the exciting wave-length still farther up the spectrum, 
utilizing a group of cobalt lines in the region of the group of absorp- 
tion lines at 2346 A, we obtain the green-violet band and the next 
ultra-violet band (3300) of uniform intensity. The same is true 
if we excite with the monochromatic radiation of the 2536 Hg line 
obtained from the water-cooled mercury arc. 

There is left now only the absorption band just above 2539 A. 
If we form an image of the two strong zinc lines (one of which lies 
to the right and the other to the left of the 2536 Hg line) on the 
surface of the quartz bulb, we find on heating the bulb that the zinc 
line of longer wave-length causes fluorescence. This line falls within 
the absorption band above referred to. The spectroscope shows 
that in this case we have also the green-violet and ultra-violet bands 
of uniform intensity. 

On exciting the vapor by all the aluminum lines lying bélow 
2360 a faint line appeared at 2346 A when the vapor was distilling 
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slowly. On increasing the vapor-density this line increases in 
intensity, but is soon blotted out by the extreme ultra-violet band 
which increases relatively faster in intensity than the line. In 
addition to the emission of 2346 A, first observed by Steubing, and 
the band in this region, 2536 A, 2539 A and the green-violet and 
ultra-violet bands are emitted. 

PuysicAL LABORATORY 

Jouns Hopkins UNIVERSITY 
BALTIMORE, MARYLAND 
June 1, 1921 








WAVE-LENGTHS AND PERIODIC CHANGES OF 
SPECTRAL TYPE IN THE VARIABLE 
STAR 1 CARINAE 


By SEBASTIAN ALBRECHT 
ABSTRACT 


Cepheid variable | Carinae; periodic variations in wave-lengths and spectral type.— 
Since the wave-lengths of many lines in stellar spectra change progressively with 
spectral type it might be expected that in the case of a variable star periodic changes 
of wave-length might occur. <A detailed study of / Carinae shows this to be true. 
The results of measurements of 178 lines between AX 4236 A and 4495 A, made on 17 
three-prism spectrograms obtained at Lick Observatory, are given in Table I. In 
general, those lines which vary in wave-length with stellar type vary progressively 
from light-maximum to light-minimum, shifting by about 0.05 to 0.2A. The spectrum 
may not correspond to a pure type at any phase, but by taking the average of the 
types indicated by the diferent lines for each phase, it is found that the mean type 
varies from F 8 near light-maximum to G 9g near light-minimum. From this change 
of type a change of color-index may be inferred which agrees with the changes observed 
or inferred for other Cepheids, showing that color is correlated not only to the hydrogen 
spectrum, as others have found, but also to the general spectrum. Discrepancies 
between these results, based on changes of wave-length, and those of Adams and Joy, 
based on changes of relative intensity and width of lines, are discussed. 

Relation of the spectrai types of Cepheids to their periods ——By tabulating the 
available data it is shown (1) that Cepheids are progressively of “later” type as the 
length of the period of light-variation increases; and (2) that the range of variation 
of type is about one type-interval and is independent of the period. 


INTRODUCTION 


In my first paper’ on the determination of wave-lengths in 
stellar spectra of known types it was found that for many lines the 
wave-lengths remain substantially the same in all of the spectral 
types in which these lines are present. For numerous other lines, 
however, the wave-lengths change progressively” from type to type, 
so that for any particular line a smooth curve can be drawn through 
points plotted with Ad as ordinates and types as abscissae. In my 
early experience this was found to hold so rigidly that it was pos- 
sible to estimate the stellar type—which had not previously been 
looked up—from the residuals of radial velocity, or of equivalent Ad, 


t Lick Observatory Bulletin, 4, 90, 1906, and Astrophysical Journal, 24, 333, 1906. 


2 Progressive in the sense of not having discontinuities, but with no restrictions as 
to direction of change. 
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for a few of the lines which are subject to the most pro- 
nounced changes in position. Subsequently this inversion of the 
process was employed for developing a method' whereby the 
spectral type can be quantitatively determined from the spectro-’ 
grams of the star by a direct comparison of the measured wave- 
lengths with the curves representing the variations in the regular 
series of types. 

At the time when the progressive changes in wave-length as a 
function of stellar type were discovered, it was pointed out? that 
similar changes of wave-length which would be progressive with 
the phase of light-variation might be found in the spectra of 
individual variable stars. Such periodic changes of wave-length, 
if found, would offer a quantitative method for the determination 
of actual changes in spectral type synchronously with the changes 
in light. The very limited amount of material then available, 
principally for the star 7 Aquilae, 
indications of just such variations in the positions of certain lines. 

.’3 At my suggestion Director Campbell kindly asked Dr. 
Curtis, then in charge of the Mills Observatory in Chile, to secure 
for this study series of spectrograms of the fourth-class variable 
stars / Carinae and «x Pavonis. The present paper discusses the 
measures of the spectrograms of / Carinae, a=9"42™; 6= —62°3’ 
(1900); magnitudes 3.6-5.0; period 35.5 days, which were secured 
at that time. 


ce 


. showed very strong 


PART I. WAVE-LENGTHS FROM 4236 A to 4495 A, 
OBSERVED WITH THREE PRISMS 
Seventeen three-prism spectrograms of / Carinae are available. 
Three of these (Nos. 299, 311, and 312) were taken with the short 
(16-inch) camera, and fourteen with the long (21}-inch) camera.‘ 
Hy is central on the plates, and the Fe spark was used as source 
of light for the comparison spectra. All of the plates were measured 


t Astrophysical Journal, 33, 130, 1911. 

2 Tbid., 24, 335, 1900. 

3 Lick Observatory Bulletin, 4, 131, 1907; and Astrophysical Journal, 25, 334, 1907, 
footnote. 


4 Publications of the Lick Observatory, 9, 56, 1907. 
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by the writer before leaving Mount Hamilton, except Nos. 1149, 
1150, and 1201, which were measured by Dr. Olivier, and No. 312, 
which was measured by Dr. Palmer and the writer. Miss Hobe, 
Dr. Glancy, and Dr. Merrill assisted in the preliminary reductions. 
The methods of measurement and reduction employed are similar 
to those described in Publications of the Lick Observatory, 9, and no 
large errors would be introduced by assuming the system to be the 


TABLE I 
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same as for plates with numbers 500+ in that volume. However, 
in order to define the system more accurately for future use, the 
stellar wave-lengths employed in the reductions for radial velocity 
are given in Table I, together with the number of long-camera 
plates on which these lines were used. Half of these lines are of 
constant wave-length, both in / Carinae and in the corresponding 
types in the stellar series. The remaining lines vary in wave-length. 
Logically, only the stellar lines of constant wave-length should 
have been used in defining the system, and the reductions might 
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have been repeated, a posteriori, for this purpose. However, a 
detailed examination of the lines of variable wave-length shows 
that the increases and decreases of wave-length for the various 
phases of the star pretty closely balance each other, so that no 
appreciable gain would result in this case from a re-reduction. 
The details for the wave-lengths of the Fe comparison lines, the 
dispersion formula, and the correcting curve used with the formula, 
being the same for my more extensive measures of Southern Mills 
spectrograms with numbers 500+, more appropriately belong with 
those results and need not be duplicated here. Other data in 
regard to the spectrograms are available, if desired by anyone. 

The observed wave-lengths (on the Rowland system, defined), 
obtained from the individual spectrograms, correct relatively to 
each other within errors of measurement and reduction, are given 
in Tables II and III, columns 2 to 18. With the exception of the 
double measures for Plate 312, each tabulated value was derived 
from a single complete measure, i.e., from two settings of the 
micrometer thread in the direct and two in the reversed positions 
of the plate. The arrangement of the spectrograms in a sequence 
according to phase of velocity and of light variation of the star, 
as well as the additional columns, are for purposes to be dis- 
cussed in Part II. The figures directly below the plate numbers’ 
in the headings give the phase-interval to the nearest tenth of 
a day, after maximum of light.’ Italics signify that the line is 
especially poor in appearance. The means in the ‘‘remarks”’ 
column and footnotes refer to the long-camera plates only, except 
when it is apparent from the subscript that short-camera plates 
have also been included. The wave-lengths for the lines in stellar 
types are taken in part from Boletin No. r of the Cérdoba Observa- 
tory and in part from unpublished data. As these contain small 
systematic corrections which may be somewhat altered in a defini- 
tive discussion to be made later, they should not be employed at 
present to derive systematic corrections to the wave-lengths in 
1 Carinae. 


* The Roman numerals, which refer to the plate-holders, have been omitted in 
the plate numbers. , 
2 No recent or good early light-curve is available. 
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PART II. CHANGES OF SPECTRAL TYPE IN / CARINAE 

My early measures and reductions, in 1908, showed quite 
clearly changes of spectral type from maximum to minimum light. 
This change of type is at once evident by comparing under a 
microscope a plate taken near maximum with one taken near 
minimum. Unfortunately the spectrograms are not at hand, so 
that I shall have to be content with reproducing some of my notes 
from such a comparison made rather hastily in 1908: 

The absorption is greater at light-minimum. The spectrum has a some- 
what knotted appearance, giving the impression of the presence of bright 
lines. Probably on account of the increased absorption this appearance 
becomes more prominent at minimum. A direct comparison of plates r115 II 
and 1220 IV, at 2.6 and 24.0 days respectively after maximum, shows: 

4351 stronger at minimum. 


4352.9 stronger at minimum. 

4358.9 widened toward the violet and stronger at minimum. 

4376.1 faint at maximum; strong at minimum. 

4404.9 stronger and widened at minimum—thus resembling late type. 

4408.5 becomes very much stronger at minimum. Compare appearance 
with 4409 .5. 

4413.7 good and sharp at maximum; becomes somewhat weaker and fuzzy at 
minimum. 


4422.0 widens toward violet at minimum; violet edge fuzzy at minimum. 

4325.6 red edge fuzzy at maximum; line broad, strong, and sharp at minimum; 
very marked. 

4437.9 broad and fairly strong at minimum; at maximum very faint. 

4445.7 strong and sharp at minimum; very faint (not measurable) at 
maximum. 

4471.0 has edge toward red fuzzy at maximum; sharp at minimum; very 
decided difference. 

4481.4 Mg and Ti much weaker at minimum. 

4482.3 much stronger at minimum. 

4490 much stronger at minimum. 


The last line is a blend of 4489.91 Fe 4, in sun-spots 6, and 
4490.25 Mn-Fe3N, in spots 3-4. These notes are especially 
interesting when compared with the data for the same lines in 
Tables II and III, most of which were subsequently obtained and 
which they supplement as far as they go. The changes of inten- 
sities from near light-maximum (type F9.4) to near minimum 
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(type G8.6)' run parallel with the changes from sun (type G) to 
sun-spots (type K). Note also, for example, that 4445.7, marked 
“very faint (not measurable) at maximum,” later received no 
measures near maximum. 

Although the wave-lengths resulting from my early reductions 
were at the time compared for type with my first curves of variation 
in the stellar series, publication of the results was delayed because 
this comparison lacked the quantitative accuracy which was readily 
foreseen to be possible. The improvement of the curves for the 
stellar types and my method for determining stellar types? resulted 
largely from a desire to determine accurately the changes of spec- 
tral type in variable stars in a way which would be strictly quan- 
titative and be as free as possible from the personal element. 
The results given below for / Carinae still do not represent the 
greatest accuracy attainable by these methods, for the reason 
that the measures are not all by one observer, and, from the 
experience gained, a somewhat improved list of lines could be 
selected for measurement. I hope that observers with adequate 
instrumental equipment may extend this work to other variables 
and to other regions of the spectrum, as we may confidently expect 
very profitable results. If desired, I would gladly suggest a suit- 
able list of lines to anyone who wishes to take up a similar study. 
The dispersion of three prisms should be employed in order to have 
the scale sufficiently large. The effects noted below were first 
looked for on the one-prism spectrograms of Y Ophiuchi and T 
Vulpeculae, but the dispersion was inadequate. For best results 
all the different factors entering into the problem, such as slit- 
width, general intensities of exposure, development, etc., should be 
maintained as constant as possible. Except for very short light- 
periods, the exposure time may more safely be varied than the slit- 
width to allow for the changing intensities of the light. For the 
present, in order to avoid certain systematic effects, discussed in 
a report to the Solar Conference in 1913, the curves of variation 
of wave-length upon which determinations of type are to be based 

* See Table IV, Plates 1115 and 1220. 

2 Astrophysical Journal, 33, 130, 1911. - 
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Lines of Varying Wave-Lengths 
Spectrograms arranged according to phase of light variation 


Continuous lines for / Carinae; dashed lines for types 
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Lines of Varying Wave-Lengths—Continued 
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Lines of Varying Wave-Lengths—Continued 
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should be determined from plates taken with the same instrumental 
equipment which was used to obtain the plates for the star under 
consideration. 

The wave-lengths in Tables II and III furnish the data for 
a quantitative determination of the spectral type of / Carinae 
corresponding to each spectrogram. The individual lines give 
separate determinations of type by comparison of the observed 
wave-lengths with the curves of variation found for the lines in the 
general series of stellar types. With but two exceptions only 
curves published in Boletin No. 1 of the Cérdoba Observatory 
(1911) were used. The results of this comparison are collected in 


Plates 

~ © - mo Noo ee ey 22 5 
. SJ | | | N/ Liiss ‘FN 
Ko Spegtral Ty rr +23.1 km 

adit \ Veto ies 

G8 +16.6 
G6 +10.0 
G4 + 3.5 
G2 — 3.0 
Go = @.5 
F8|‘s x —16.0 





Fic. 2.—Simultaneous variations of spectral type and of radial velocity in 
l Carinae. 


Tables IV and V, which are self-explanatory, and in the figures. 
The weights in the third column of Table IV were formed according 
to (a) the range of variation of wave-length from types F to K in 
the stellar types, and (0) the definiteness of the curve showing the 
change of wave-length with change of phase in / Carinae, taking 
into account also the number of observations upon which the curve 
is based. The means at the bottom of Table IV, which may be 
regarded as fairly representing the actual changes of type in this 
star, are compared in Figure 2 with the simultaneous changes of 
radial velocity. The curves for spectral type and for radial velocity 
in the figure synchronize with each other about as closely as other 
variations in Cepheids have been found to synchronize with each 
other. 
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Note.—In Table IV, the seventeen vertical columns show a range of 
types one and three-fourths times as great as the horizontal lines. On account 
of the preliminary status of the method some lines were included in the deter- 
minations of type for which slight changes of wave-length correspond to large 
changes of type. The inevitable result is that not only will moderate accidental 
errors of measurement increase both the horizontal and the vertical ranges 
greatly, but small bodily displacements of wave-length for such a line in the 
spectrum of the star will shift the corresponding changes of type to a very 
different level, directly affecting the range in the vertical columns. To illus- 
trate: One line may show a range of variation from, let us say, A to G while 
another line may indicate variations between G and K or M, the variations 
for the two lines synchronizing with each other and with the light- and velocity- 
variations of the star. For these reasons the probable errors accompanying 
Table IV, which were computed from the vertical ranges actually listed, do 
not represent the limit of accuracy which is inherent in the method. The 
means at the bottom of the columns may nevertheless be regarded as repre- 
senting fairly well the actual changes of type of the star, because the errors 
referred to above, which are systematic for individual lines, partake of the 
nature of accidental errors for purposes of the means. 

In order that the reader may not carry away the erroneous impression 
that an enormous amount of time will be involved in practical applications of 
the method employed above for the determination of spectral type, it may be 
well to call attention to the fact that the method is still in the preliminary 
stages of development. The aim has been to include as large a number of 
lines as the nature of the spectra and other limitations would permit, for the 
simple reason that the behavior of all lines was unknown and could not be 
safely determined by inference. As was pointed out in the article, a con- 
siderable amount of exploratory work is still urgently needed. Eventually 
measurement for type will be restricted to a very limited list of most suitable 
lines, probably not more than from eight to twelve per plate in addition to 
those used for radial velocity. 


TABLE V 


ADDITIONAL LINES GIVEN AS VARIABLE IN Cérdoba Observatory Boletin No. 1 


\ 4254.5 Partly indeterminate and partly discordant. 

4267.1 Curve for stellar types is too weak—only six observations. 

4274.9 Unsatisfactory. Not entirely accordant, nor is it especially dis- 
cordant. 

4293.2 Too few observations in / Carinae. 

4314.3 Partly in accord in / Carinae, but the small range, together with the 
oscillations in stellar types, render this line unsuited for determina- 
tions of spectral type. 
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4315.1 


4318.8 
4321.9 
4325.1 
4325.9 
4340.6 


4351. 
4352.0 


Lal 


4354-7 
4359.8 


4362.2 
4394 .2 


4427.4 
4443.9 


4459-3 
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Wave-lengths in / Carinae are nearly all above the highest parts of 
the curve for stellar types. This is one of the few lines which seem 
to be discordant. 

Partly accordant and partly indeterminate. The range of variation 
is apparently greater in / Carinae than in stellar types. 

Partly indeterminate—range from G to K2 is only .o16 A. 
Wave-length changes by approximately the same amount as in 
types G to K, but the curve for types is systematically higher by 
.035 A=. 

More or less accordant, aside from being systematically higher by 
.035 A. 

Hy. One measure for Plate 1212 corresponds to type K2. 

Weakly determined both in types and in / Carinae. 

Not suitable for this purpose with present data—variation only 
.o1r A from F to K. 

Data weak in / Carinae and in types. 

More or less indeterminate in types F to K except with a large 
number of observations. 

Data weak. 

In types later than G the measured line is a blend of A .225 with 
two weak companions to the violet. The former gradually becomes 
weaker and the latter stronger. In / Carinae the faint companions 
were not included in the measures, as is indicated by a note for 
measure on Plate 1220. 

Omitted because too much of results had to be extrapolated. 

The measure sometimes includes the companion to the red, A 4444 .385. 
The displacement toward the red in the later types and in / Carinae 
near light-minimum may be largely due to personality in the settings 
on close pairs; the companion at A .385 is then moderately strong, 
whereas it is quite weak in early types and in/ Carinae near maximum 
light. With the additional data which I have for stellar spectra 
taken with several different dispersions, it should be possible to 
separate the personality effects from the true displacements. 

Not suited for this purpose, because in stellar types the variation 
of the wave-length is confined almost entirely to types earlier than G,. 


The Figures 1, in which the observed wave-lengths on individual 
spectrograms are represented by circles, give three things for each 
line: (a) the curve showing the variation of wave-length in / Carinae 
with change in phase of velocity and variation of the light; (b) the 
spectral type for each plate obtained by comparing the wave-length 
taken from the curve in (a) with the curve for the stellar series; 
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and (c) that portion of the curve for the stellar series which corre- 
sponds to the means of the types for the individual spectrograms of 
l Carinae, i.e., from Fo to Gg.4 and back to F8. 

The two curves in the graphs generally rise or fall together 
toward light-minimum, even when widely separated by systematic 
differences, thus illustrating how the individual lines show the 
progressive change of the star to the so-called later types. Note 
especially the lines with a large range of variation, such as 4412.2, 
4410.9, 4422.0, 4425.6, 4464.7, and 4469.4. For only one line, 
4403.4, the main tendencies of the two curves indicate opposite 
directions of change of wave-length. Minor or secondary devia- 
tions between the two curves are to be expected, first, because the 
present data are not ideal in every way, as explained above, and 
second, because of the fair possibility—and even perhaps proba- 
bility—that the changes of type with changes of phase in the light 
and variations of velocity do not coincide in every detail with the 
corresponding stellar types as classified at present, and, moreover, 
may not always repeat themselves exactly in different periods. 
Also in the variable star where the surface conditions—i.e., in 
the comparatively shallow layer in which all of the light that 
reaches us originates—are undergoing constant and apparently 
violent changes, it would seem that a considerable overlapping of 
the distinguishing characteristics of types almost certainly takes 
place. An exact correspondence would perhaps be more surprising 
than the presence of moderate differences. 

An interesting comparison is to follow in detail (for the compo- 
nents of lines) the changes of intensity from sun to sun-spots and 
from spark to arc and to compare these with the observed changes 
of wave-length in the series of stellar types and in/ Carinae. The 
last five columns in Table IT aid in showing the remarkable extent 
to which all of these changes run parallel. Some of these have 
been collected in Table VI in order to bring out, in a way in which 
verbal description cannot, how some of the shifts are produced 
by a weakening of an enhanced component as the star approaches 
light-minimum, while other shifts are due to a marked strengthening 
of arc or of sun-spot lines. ‘“‘Str’’ stands for a strengthening and 
“‘wk”’ for a weakening of the component. 
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TABLE VI 
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* To red in late types. 
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TABLE VI—Continued 
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t Probably V is strengthened relatively more than Fe. 


For numerous lines where the observed changes are clearly in 
the direction accordant with changes from sun to sun-spots, no 
application could be made to the determination of type because of 
inadequate data in stellar types. Nevertheless these lines also 
serve to confirm the fact that changes occur in the spectrum of 
1 Carinae which are in many ways similar to consecutive changes 
of spectral type. 

PART III 

Recently Adams and Joy’ have noted a marked distinction in 
the spectral types of Cepheids as obtained from the hydrogen lines 
alone or from the general spectrum. For nine stars they find in 
the mean a spectrum of Fr at maximum and F7 at minimum of 
light, based on the hydrogen lines alone. From the general 


* Proceedings of the National Academy of Sciences, 4, 129-132, 1918. 
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spectrum they obtain for the same stars Fg at maximum and Go 
atminimum. The mean variation of type indicated by the hydrogen 
lines is 0.6 of the interval between F and G, whereas the general 
spectrum shows a variation of only 0.1. That is, according to 
Adams and Joy, the general spectrum shows very little change of 
type during the period of light-variation. These observers note, 
however, in addition to the changes in the hydrogen lines, certain 
other differences in the spectra of Cepheids at maximum and 
minimum, the three most important of which, also previously 
observed, are: (1) a shift of the maximum of the continuous spec- 
trum toward shorter wave-lengths at maximum of light; (2) a 
general, slight widening of the spectral lines at minimum; (3) an 
increase in the intensity of the so-called “‘ enhanced” lines at maxi- 
mum. The first of these can influence the positions of the lines only 
indirectly and in a minor way, and need not be especially dwelt 
upon here. The second and third will be referred to again later. 

The main result of Adams and Joy, namely, that the indications 
of changes of spectral type in the Cepheids are confined chiefly to 
the hydrogen lines, appears to be completely at variance with my 
observed changes of spectral type in / Carinae, as determined from 
the general spectrum and given in detail above. In view of these 
contradictory results it may be well to discuss the data in Part II 
in somewhat greater detail, with special reference to their bearing 
upon this question. 

The methods employed in Part II for the determinations of 
spectral type are essentially different from those employed by 
Adams, Shapley, and Joy. The Jatter are based upon differential 
relative changes in the intensities and widths of lines, partly esti- 
mated and partly measured. The former were intentionally freed 
as much as possible from qualitative estimations by placing the 
entire weight in the determinations of type upon the measured 
positions of the lines. Each of these methods has its limitations 
as well as its advantages, and I am inclined to the view that the 
best results will be attained by combining the two methods. To 
me it seems quite unsafe to neglect the measured positions of the 
lines, as these furnish the best means of identifying with a fair 
degree of certainty the components involved in observed changes 
of intensity and width. 
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As, unfortunately, the / Carinae spectrograms are in Santiago, 
they cannot be referred to at this time with the special aim of 
directly bridging the gap between the general spectrum and the 
hydrogen spectrum. My notes state that ‘in x Pavonis and 
1 Carinae (F5 and G types) the Hy region looks very fuzzy and 
diffuse, Hy being v v broad”’; and they also contain the suggestion 
to “see if Hy gets narrower and sharper toward light-minimum” 
than at maximum. This suggestion was not followed up because 
of other demands upon my time. Evidently the failure to measure 
Hy on sixteen of the seventeen spectrograms is attributable to 
poor quality of the line, possibly in part due also to interference of 
close neighboring lines and to underexposure of the Hy region on 
some of the spectrograms. 

The lines observed, given in Tables II and III, belong to and 
are among the most characteristic and important lines in the 
general spectrum. Their measured positions identify them, on 
the whole I believe without any serious outstanding uncertainties, 
with corresponding lines in the spectra of the sun and of sun-spots, 
and these in turn have been identified with corresponding lines in 
stellar spectra. The lines having constant wave-lengths in the 
stellar types also have constant wave-lengths in / Carinae. The 
lines which vary progressively during the period of variation of 
light (Table IV), and upon which the changes of spectral type are 
based, are among the most important lines showing progressive 
changes of wave-length in the series of stellar types. Among the 
identified components of these lines are Cr, Fe, Mn, Sc, Ti, and V, 
elements of which the spectral lines exhibit marked and progressive 
changes of intensity in types A to M. 

Nor are the observed changes in / Carinae covered by the 
general widening of spectral lines at minimum and by the increased 
intensity of the “enhanced” lines at maximum, effects (b) and (c) 
referred to by Adams and Joy. Table II shows numerous lines for 
which the position of the blend is progressively shifted in / Carinae 
from maximum to minimum light and in stars from early to late 
types, in the direction indicated by the changes in the intensities 
of the components from sun to sun-spots. Note, for example, the 
lines 4266.0, 4296.0, 4320.9, 4416.9, and 4422.0, for which both the 
shift indicated by sun-spot data and the observed shift in / Carinae 
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and in the later stellar types are to the violet; and the lines 4278.3, 
4288.1, 4390.1, 4391.9, 4412.2, and 4469.4, for which the indicated 
and observed displacements are to the red. For most of these 
lines no enhanced components are involved. Several lines, 4292.3, 
4298.1, 4391.1, and 4408.5, for which the sun-spot data indicate 
balanced changes for the intensities of the components, have 
practically constant wave-lengths in stellar types. Some lines, 
like 4334.0, show clearly accordant variations in / Carinae and in 
types, with no spot data given. Perhaps corresponding changes 
will be found in spot spectra. The wholly or partly discordant 
lines are few. Thus, for 4277.6 the observed displacement is toward 
the violet both in types and in / Carinae, contrary to the expected 
shift. For 4420.6 a slight shift toward the red might possibly 
be expected; the observed shift in the variable star is to the violet; 
in types the data are weak. Such apparent discordances may 
later be removed in part by additional data from spots and 
Cepheids. On the whole, the agreement between the expected 
or inferred and the observed changes of wave-length of the blends 
is remarkably close. 

The “‘ general slight widening of the spectral lines at minimum,” 
additional effect (2) of Adams and Joy (above), seems also brought 
out in my notes of 1908, reproduced in Part Il—unless I miscon- 
strue the intent of these observers. Can the greater part of the 
apparent widening be explained as a widening of blends due to a 
considerable increase in intensity of one or more of the components 
rather than as a genuine widening of single lines? As in later types, 
so also in / Carinae toward minimum of light, the selective absorp- 
tion increases, many more components being strengthened than 
weakened, with the result that numerous blends are apparently 
widened and a small number perhaps narrowed. This, however, 
does not explain all increases in width, as, for example, for 4468.6, 
which is apparently a single line in the sun. 

My data also contain partial evidence bearing upon Adams and 
Joy’s effect (3)—‘‘an increase in the intensity of the so-called 
enhanced lines at maximum’’—which seems in part confirmatory 
and in part suggests the changed statement “‘a greater relative 
intensity of the so-called ‘enhanced’ lines in / Carinae than in the 
corresponding types in the stellar series.” For the former state- 
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ment the two curves in Figures 1 for the lines having enhanced 
components should diverge more and more as maximum of light is 
approached, the relative shift in / Carinae being in the direction of 
the enhanced component of the blend. This seems actually to 
occur for one or two lines (see 4395.2). For other lines (see 4464.7) 
the two curves remain parallel throughout their entire length, the 
systematic displacement between them being in the direction 
required for greater strength of the enhanced component in the 
variable star than in the corresponding stellar types. However, 
the evidence is not clear-cut either way. And, besides, for several 
lines for which the two curves are parallel and separated no 
enhanced components are given. 

As one of the results of the foregoing investigation it is possible 
to outline roughly an extensive field of research which can profitably 
be followed. In order to be able to distinguish the characteristics 
shared by all Cepheids from those peculiar to individual stars, the 
spectra of a number of Cepheids should be studied in greater detail. 
The digressions from a strictly parallel behavior of the lines in 
Cepheids and in the series of stellar types may lead to results more 
interesting and far-reaching than the accordances. Also the 
emissions, the “‘knotted appearance” referred to in my notes, 
deserve further study. It may be to the point to recall that the 
one fact which more than any other led to serious questioning of 
the binary-star explanation for Cepheids was the discovery of the 
apparent relation between the light- and the velocity-variations. 
With dispersions equal to and greater than that of the three-prism 
Mills spectrographs, it should be possible to follow the simultaneous 
changes of the lines for the different elements through the cycle of 
changes of light and velocity.‘ Such results for a number of 
Cepheids would provide the necessary data for correlating any 
effects found with such factors as (1) the length of the period; 
(2) the limiting types between which the variations take place; 
(3) and (4) the types and the range of variation indicated by the 
different classes of lines (i.e., spark, arc, spot, etc.), and by the 
lines of individual elements or groups of elements; and (5) more 


* The data in Part I are not sufficiently complete to permit of doing this in ample 
detail for / Carinae. 
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exact relationships of the curves representing variations of visual 
light, photographic light, velocity, color-index, and type. 

Thus even the meager data at present available seem sufficient 
to establish a relation with the length of the period of light-variation. 
This seems to have been observed by Campbell' and later by 
Shapley? to apply to Cepheids as well as to the general list of 
variable stars as found, I believe, first at Harvard. However, the 
exact relationship noted below seems not to have been brought out. 
Table VII, taken in part from Shapley’ and Seares and Shapley,‘ 
with / Carinae added, shows a fairly definite progression of the 
Cepheids toward ‘“‘later’” types, see columns ‘Shapley’? and 
“Albrecht,” with increasing length of the period. This effect 
seems more clearly and definitely shown in the means of groups of 
two or three consecutive stars, as given at the bottom of the table. 
Apparently it is much more strongly marked for very short periods 
and diminishes to slight changes for periods greater than five days. 
The poorly marked, slow increase in the length of the period with 
spectral type, found by Campbell, is thus readily accounted for by 
the poor representation of very short periods in Campbell’s tables. 
The effect seems absent for the hydrogen spectrum in Adams and 
Joy’s list of nine stars (loc. cit.) and to be indicated only slightly in 
their results from the general spectrum. Here also its apparent 
absence or small value seems to lie in part in the small number of 
stars used and in part in the absence from their list of stars with 
very short periods. 

In Table VII my types for / Carinae should perhaps be some- 
what reduced to make them strictly comparable with the types 
found by Shapley, due to the presence of a second effect, namely, 
that the hydrogen lines yield somewhat “earlier”? types than the 
general spectrum. ‘This second effect, which is apparently shown 
in the tables of Adams and Joy (/oc. cit.) and somewhat strengthened 
by my results from the genera! spectrum of / Carinae, seems to 

t Lick Observatory Bulletin, 6, 51, 1910. 

2 Astrophysical Journal, 40, 451, 1914, and Contributions of the Mount Wilson 
Observatory, No. 92. 

. 3I[bid., 44, 274, 1916, and Contributions of the Mount Wilson Observatory, 
No. 124. 


4Ibid., 48, 238, 1918, and Contributions of the Mount Wilson Observatory, 
No. 159. 
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have its source in the relatively greater strength of the hydrogen 
lines than of the lines of the general spectrum. In this connection 
it may be wel] to bear in mind also, as pointed out above, that the 
changes in the spectra of Cepheids are more complex than can be 
accounted for by pure and complete changes of type. 

The range through which the type varies in Cepheids (see last 
column of Table VII) seems to be independent of the period, and to 
be nearly constant, averaging a little less than one type-interval 
(10.0 tenths). 

Seares and Shapley (loc. cit.) have pointed out that the color 
changes in Cepheids inferred from the hydrogen spectrum (from 
the relation that the change in color equals 0.4 change in spectrum) 
agree with the color changes observed photometrically for these 
stars. On the other hand, the changes of color inferred from the 
general spectrum are nearly zero and thus discordant. These 
results are reproduced in my Table VII, columns 3, 4, 5, and 6. 
It should be noted that the change in color-index, inferred from 
my observed change of type in / Carinae from the general spectrum, 
is closely of the same magnitude as the changes of color-index 
obtained for the other Cepheids, both photometrically and inferred 
from the changes in the hydrogen spectrum. Very weak results 
for changes of type in » Aquilae, from measures of the general 
spectrum made by Campbell and Wright for other purposes, give 
an inferred change of color-index of 0.4. Thus my results seem to 
show practically the same correlation between the color of Cepheids 
and the general spectrum as was found for the hydrogen spectrum. 

The foregoing investigation, begun a dozen years ago, has been 
interrupted a number of times. Aside from the parc of the work 
completed at the Lick Observatory, portions of the final reductions 
were made at the Cérdoba and University of Michigan observa- 
tories. The definitive discussion and preparation of the manu- 
script for the printer should be accredited to the Department of 
Meridian Astrometry of the Carnegie Institution of Washington 
(Albany). It is a great pleasure to acknowledge my indebtedness 
to these observatories for the time allowed toward this problem. 


Dubey OBSERVATORY, ALBANY, NEW YORK 
August 1919 








EXCITATION STAGES IN OPEN ARC-LIGHT SPECTRA 


PART I. SODIUM, POTASSIUM, CALCIUM, STRONTIUM, 
BARIUM, AND MAGNESIUM 


By B. E. MOORE 


ABSTRACT 


Excitation stages in low-current arc spectra of Na, K, Ca, Sr, Ba, and Mg.—By 
using high potentials it is possible to lengthen the arc so that the middle region is well 
separated from the poles, and to reduce the current until few or none of the funda- 
mental spectrum lines of the substance under observation are emitted. Evidently 
this arc affords a valuable means of studying the relative behavior of spectrum lines. 
Using currents of from 0.03 to 0.3 ampere from a 2000-volt D.C. dynamo, the author 
made visual observations of the variation of spectrum with current, supplemented by 
measurements of the intensities of many lines. The results for each of the above- 
mentioned elements are reported in detail. Five stages of excitation were distinguished. 
Stage I: Lowest-current lines, which extend across the arc; generally resonance lines; 
including the first member of the principal doublet series of Na and K and of the princi- 
pal singlet series of Ca,Sr,and Ba. Stage II: Coming in with slightly higher currents; 
relatively weaker in the middle of the arc; generally ionization lines; including the 
diffuse and sharp subordinate series of Na, K, Ca, Sr, and Mg and the p-series of Ba. 
Stages III and IV each require a considerably greater current and each has considerably 
higher ratios of intensity at negative pole to that at positive pole and to middle intensity 
than the preceding stage. Stage V includes lines which failed to appear at all in the 
arc. Some bands were also observed coming in at early stages. tt was found that 
the ionization lines of impurities such as Na appeared only when the ionization potential 
of the main element in the arc was greater than that of the impurity. These results 
will be summarized and discussed in Part II, to follow. 


INTRODUCTION 


The recent investigations upon low-potential discharge in 
vacuum! have led to some important distinctions which have a 
bearing upon the formation of spectral lines under all conditions.., 
From these low-voltage experiments there appear to be two early 
stages of excitation of spectral lines. The first is designated the 
resonance and the second the ionization stage. The resonance 
stage contains one or two fundamental lines. The ionization 
stage contains a rich spectrum, which rather inadvertently has 
been designated the complete line spectrum. In these experiments 


«Tate and Foote, Philosophical Magazine, 36, 64, 1918; Bureau of Standards, 
Scientific Papers, No. 317. Foote and Mohler, Philosophical Magazine, 37, 33, 1910}; 
Journal of Washington Academy of Sciences, 8, 513, 1918; Foote, Rognley, and Mohler, 
Physical Review, 13, 59, 1919; Mohler, Foote, and Stimson, Bureau of Standards, 
Scientific Papers, No. 368; Davis and Goucher, Physical Review, 10, 101, 1917; and 
numerous others. 
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it is further made clear that radiation is produced by recombination 
of electrons and ions after the force which displaced the electrons 
has ceased to act. Moreover, the displacing force has its origin 
in a potential which drives the electrons across the vacuum. These 
electrons may collide with an atom and will ionize it if the velocity 
of the electrons is adequate. When one considers the kinetic 
possibilities it is evident that velocities will be distributed over a 
wide range of values. But so far as the excitation of a line is con- 
cerned, all velocities below a certain limit will be ineffective, and 
all above the same limit will be effective. This critical velocity 
will define the beginning of a stage of excitation for that line. As 
the number of electrons which have a velocity above the critical 
value increases, the line increases in intensity. In a general way 
this number of ions will increase with the current. The current 
may therefore become an index of the development, and may be 
used instead of the potential and velocity, particularly when the 
latter are not available. 

When one passes from the vacuum to an are working under 
atmospheric pressure, one must make one essential distinction. 
The restraint of the gaseous particles is now such that there can be 
no free movement over an extended distance. There is also a 
great difference in the freedom of motion in different parts of the 
arc. This is due to the great inequalities of temperature in the 
arc. A large part of the difference in spectra in different parts of 
the arc have long been attributed to temperature differences and 
to chemical changes. The new concept does not invalidate the 
conclusions upon the effect of temperature and chemical action, 
for doubtless these effects are concurrent. It only shifts the point 
of view and seeks to analyze the radiation in terms of an electron 
disturbance produced by an effective potential. 

From this standpoint let us take a view of the cross-section 
of the arc midway between the poles. Where the temperature is 
lowest in the outer mantle, the electrons have their lowest velocity, 
and the outside limits of the spectral lines are determined by their 
critical velocity in that region. Outside this region the electrons 
may be moving at a lower velocity. Lines which require a higher 
velocity of the electrons for excitation will not be found in the 
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outer region. In the hotter interior of this cross-section there is 
greater kinetic freedom, a more rapidly flowing current, and electrons 
of higher velocity. Consequently, in passing from the exterior to 
the interior of the discharge, there is a progressive increase in the 
velocity of the electrons. Hence one may arrive at a second critical 
excitation velocity characteristic of other lines upon passing from 
the exterior toward the interior of the discharge. When this 
critical velocity is reached, the line or lines to which the critical 
velocity belongs will show an incipient radiation. ‘There will be 
an increase in radiation for this line or lines as one progresses farther 
toward the center of the section. This same argument holds as 
one passes from the middle along the axis of the discharge until one 
reaches the poles, near which there is probably a great increase in 
velocity. Therefore, one might expect to obtain in the pole dis- 
charge one or more critical velocities which would produce spectral 
lines of corresponding stages. The outer mantle, according to 
this view, would correspond to a low excitation stage, the middle of 
the arc to a medium excitation stage, and finally the poles would 
show higher excitation stages. The wide range of velocities in 
any given position certainly makes the problem more complex. 
One could go over the literature of arc spectra and make a fair 
selection of stages for lines with no further distinction than is 
made here. 

The object of the experiments described in this article is to follow 
the production of lines a little more definitely. To accomplish 
this, it was necessary to obtain a larger separation of the different 
stages than is obtained in the usual high-current arc. First, the 
arc was spread out by deflecting it with a magnet.*' This was very 
helpful, but it was soon found that reducing the current and raising 
the arc potential would isolate the parts of the arc better. The 
higher-potential arc could be longer, and hence the middle area 
(rather volume) would be more extended. With the lower currents, 
the polar illumination retreats toward the pole. With this retreat 
came another very decisive factor, viz., the disappearance of many 
lines. Out of this fact arose the determination of stages by deter- 
mining the current at which the inception of the line occurs. This 


* Referred to again in Part II (subsequent paper). 
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method will yield reasonable results unless the line is overlapped by 
a continuous or band spectrum. But it could not answer one 
question, viz., Do the lines have definite beginning-points as they 
appear to, or do they continue in a very weak state to a common 
excitation point characteristic of all lines? For this reason a 
method was devised for measuring roughly the development of the 
intensity of the lines with increase in current. This method shows 
that certain groups of lines have common beginning-currents, and 
instead of continuing in a weak state, they frequently disappear 
and reappear very suddenly and have a very rapid and decisive 
development after their inception. Knowing this, one could feel 
perfectly free to use the first course of investigation wherein the 
lines were followed to their beginning-current. ‘This can be done 
at either pole or in the middle of the arc or in all of these positions. 


THE ARC 


As stated above, in the usual arc operated at high current it is 
difficult to separate the different degrees of excitation. The 
illumination herein designated ‘‘polar’”? does not appear on but 
just off the electrodes. Lines which usually have been designated 
“short” belong in the polar illumination. They vanish as the 
current decreases. Many lines which extend across the arc for 
high currents become short lines for lower currents. This feature 
helps to distinguish them. These high-potential arcs, according 
to Simon,’ may act along two characteristic curves. The first 
curve is the glow characteristic and belongs to the’glow arc. This 
curve depends only upon the medium and is independent of the 
electrodes. The second characteristic is the true-arc curve. In 
the true arc the material of the electrodes affects the electrode 
drop, and the gaseous products or ions therefrom affect the conduc- 
tion of the medium. The middle of the low-current arcs under 
discussion often assumed a glow appearance, but there was at no 
time any clear evidence that the arc discharge had passed over into 
the glow form. 


* Under investigation by Mr. V. L. Chrisler; Simon, Physikalische Zeitschrift, 6, 
297, 1905; Simon and Malcolm, ibid., 8, 471, 1907. 
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POWER 


A dynamo rated at 2000 volts and 0.25 ampere was used. 
It stands an overload of 20 per cent for brief intervals. The 
current was adjusted by means of resistance in series. 


SPECTROSCOPES 


Five spectroscopes have been used. (1) A small student’s 
spectroscope has been used for preliminary investigation. It could 
be turned with its slit perpendicular or parallel to the discharge. 
It thus served to observe the variation of intensity in cross-section 
as well as in length. It was particularly serviceable when the 
analysis reduced to a few visible lines. (2) A Hilger wave-length 
spectroscope has given most results. It just separates the D lines, 
but one could not rely upon its measurements to closer than 
6 angstroms. This seldom interfered with identification. The 
field was usually diaphragmed to about 60 angstroms, which was a 
great help in determining luminosity. (3) A Steinheil plane- 
grating spectroscope gave more than double the dispersion of the 
Hilger spectroscope in the red, and helped particularly in this 
region. This instrument could be used either visually or photo- 
graphically. (4) A quartz spectrograph was in good focus from 
X 2800 to A 4000 and gave a spectrum about 18mm long. When 
there are but few lines in the ultra-violet, they may be recognized 
by this instrument. _ 


MEASUREMENT OF INTENSITY 


The reasons for following the changes of intensity in the lines 
as the current changes have been given in the introduction. Two 
convex lenses with a crossed-nicol system between them focused 
the light from the arc upon the slit of the spectroscope. Before 
the eye was placed a Wratten light-filter. After selecting a spectral 
line for observation a filter was, introduced which would nearly 
extinguish the visibility of the line. The angle between the 
nicols was then adjusted until only the last trace of the line was 
visible. The reciprocal of the relative amount of light transmitted 
by the crossed-nicol filter system is designated the intensity of the 
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line. This method is open to three large sources of error: (1) per- 
sonal judgment upon threshold intensities is quite variable; (2) the 
optical adjustments are subject to some variation; (3) the arc is 
inclined to migrate. ‘This makes the measurements very rough, 
but they will serve the purpose of defining the starting-current 
of spectral lines and of showing their relative development. 


DETERMINATION OF STAGES 

In an attempt to distinguish stages of excitation the first step 
is to fix the general features of the spectrum. ‘The last, but more 
concise, determination will be the growth of the lines themselves. 

Stage I.—To recognize this stage, choose a minute current, 
then look for lines which extend across the whole arc from pole to 
pole. If these lines are but little stronger at the poles than in the 
center of the arc, they belong either to Stage I or Stage II. Next 
see if they can be traced to the last limit of the current. Those 
lines which hold out longest belong to Stage I. Next examine 
the rate of intensity development. Lines belonging to Stage I 
will fairly leap into brilliance at the negative pole and follow but 
little later at the positive pole. For later currents they will show 
very slow development. In the middle of the arc they will develop 
rapidly, but more uniformly. As far as experience with different 
substances has gone, the current may be reduced until these lines, 
small diffuse bands, and a low continuous radiation are in complete 
possession of the spectral radiation. 

Stage II.—This stage usually represents a rich spectrum. The 
lines at the negative pole may persist to nearly the same limit as 
lines of Stage I. When the positive-pole radiation is not too con- 
fined, they separate better there than at the negative pole. In 
the middle of the arc, a line of Stage II must be intrinsically very 
brilliant to contest with lines of Stage I for first rights. When the 
intensities of these lines are studied, some of the stronger lines may 
show a growth very similar to lines of Stage I. But when the 
current-intensity curves are plotted, they will be seen to lie in a 
position which indicates stronger exciting currents and stronger 
inception currents (intercepts upon the current axis) than is 
required for lines of Stage I. There is furthermore a reluctance 
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upon the part of these lines to appear in the middle of the arc. 
This is best shown by the increased ratio of polar to middle 
intensities. 

Stage IIT.—These lines will not generally show until the incep- 
tion current of lines of Stage II has been doubled or trebled. When 
the current is large enough to indicate their decided presence at 
the negative pole, lines of Stage II will be reaching out far from 
the poles trying to become true long lines, while lines of Stage III 
will be cut off sharp and short in a region restricted to the very 
core of the pole illumination. So far as these experiments have 
progressed, experience has shown that lines of Stage III require 
four to five times as much current at the positive pole as at the 
negative to produce a first visible impression. Within the limits 
of the present experiments, a line of this stage must be very intense 
to show any trace in the middle of the arc. Necessarily, therefore, 
the ratio of their polar to middle intensities is very large. 

Stage IV.—It requires a large increase in current over that 
required for lines of Stage III to bring out the lines of Stage IV. 
When once they appear, they are very similar to lines of Stage IIT. 
There is a decided continuous spectrum associated with most of 
these lines, which suggests a formation within a dense vapor. None 
of the lines have been seen outside the pole illumination. 

Stage V.—In this class one may place all other known lines of 
the stronger-current arcs. There has been no attempt to analyze 
these lines, and, of course, there may be many stages present. 


GRAPHS 


Logarithms of intensities are plotted as ordinates, and logarithms 
of one hundred times the current are plotted as abscissae. Loga- 
rithms to the base ro are used. ‘The lines are designated upon the 
graphs and in the legends. 


SODIUM 


Lines D, and D, are predominant. They appear throughout 
the whole of the arc. With the slit normal to the current they 
are seen to be longer than the weak continuous background. In 
this position they fade off at the ends with no defined external 
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limits. ‘These lines have a very low excitation. The other lines 
observed were members of the first and second subordinate series 
and the principal series pair, \ 3303. All of these lines appear in 
the middle of the arc at o.25 ampere. With the slit normal to the 
current they fade off very quickly, but not abruptly, as one proceeds 
from the center toward the outer mantle. The lines appear to be 
one-third to one-half the length of D,. Now Foote and Mohler’ 
give an excitation potential for D, equal to 2.12 volts, and for the 
other lines a potential of 5.13 volts. The effective velocity for 
the latter is 2.4 times the velocity for the former. This means 
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that with a current of 0.25 ampere one must pass from the outer 
effective excitation of the line D, halfway to the center of the 
current stream to reach a point where the velocity of flow has been 
doubled. In general, the ‘‘fading-off”’ of lines upon passing from 
the center to the outer mantle is not sufficiently abrupt to 
make sharp distinction in stages. As the current decreases, 
the subordinate-series lines fade out in the center of the arc. The 
yellow-green members can easily be seen to retreat toward the 
poles and to shorten. The red and blue members are not visible 
at the poles below 0.075 ampere, and the yellow-green members 
not below 0.05 ampere, except during intermittent flaring of the 
light. The sharp series was not recognized in the preliminary trial 


1 Loc. cit. 
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with the small spectroscope, but was readily found with the Hilger 
instrument. A cross-sectional view at the poles is interesting. 
The subordinate series (diffuse and sharp) essentially belong to this 
region for the lower currents. The D, and D, lines flash out with 
great brilliancy and are quite wide. Much of this is doubtless an 
irradiation effect. With the Rowland grating the D lines show 
reversal at 0.25 ampere in the pole illumination. 

With the crossed-nicol filter sys- 
tem, the data given in Table I were 
obtained for D,. Different salts, as 
represented in the table, were used 
upon the electrodes, but only this one 
line was studied. 

In passing from the poles toward 
the middle, the easier lines, particu- 
larly lines of Stage I and Stage II, 
fade off slowly as above noted. This 
necessitates a little precaution as to 
what part of the middle one may 
use to determine middle intensity. 
Usually the position of weakest in- 
tensity is a little above the center of 
the arc toward the upper pole. 





A graph, Figure 1, was plotted Fic. 1 
from the D, readings. It will be © NaCl, —pole 
noticed that the line found in sodium xX NaCl,, middle 
shows two distinct slopes. When the A SrCl;, —pole 
lj ditane ° hier te ot + SrCl,, middle 
ine shows as an impurity in stron- O CaCl, middle 


tium, calcium, and carbon electrodes, 
its intensity proves to be surprisingly low. With carbon electrodes 
without salts added, the potential takes a decided increase. This 
increase in potential actually brings out the D lines stronger in 
the carbon arc than in the arc containing calcium salt. The slightly 
greater intensity of the line in the strontium salt suggests the 
presence of a trace of sodium in the substance. 

The D lines belong to Stage I, and the other lines not earlier than 
to Stage II. The diffuse series certainly fall into this classification. 
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The decision upon the fainter sharp series was less certain. All 
other series have not been realized. With substances which follow 
it is easier to assign the missing lines to later stages. In sodium 
the writer has more reluctance to do so, because the relative 
intensity of the continuous background was a burden. With 
the Rowland grating this background could be dispersed so that 
it was unimportant, but 0.25 ampere would scarcely produce a 
trace of the d series. Hence there is real need of tracing the growth 
of the weaker lines at higher currents to determine their excitation 
stages. 
POTASSIUM 

The red lines AA 7699, 7666 (the first term of the principal 
series of doublets) would naturally be expected to play the same 
réle as D, and D., and the blue lines AX 4047, 4044 the réle of the 
d 3303 pair, i.e., the former should be a resonance and the latter 
an ionization pair. Along with the latter would be expected the 
subordinate series. Although all these types may be seen in the 
visual spectrum, the red and blue pairs are at the extreme ends, 
where the sensitivity of the eye is very low. For the author’s 
eyes the sensitivity is much better for the blue lines. But this 
fact ought not to account for his ability always to see the blue 
lines whenever the red lines are visible. There was no definite 
answer as to whether or not the blue excitation could be separated 
from the excitation of the subordinate series. They certainly 
occur together, but one cannot decide whether they may occur 
separately, for the subordinate series as well as the blue lines 
become quite intermittent at even o.1 ampere. To make any 
comparison of the intensities, it would be necessary to know the 
relative sensitivity of the eye for the wide difference in radiations. 
The crossed-nicol system was not applicable. Evidently the blue 
pair had a high intensity in comparison to the subordinate lines. 
Photographically the blue pair are the only lines which show. 
The latter pair is the second member of the principal series. ‘There 
are many other lines of conspicuous intensities, but none of them 
appear under the present excitation currents. This blue doublet 
AA 4047, 4044 Comes out as an impurity in other substances and 
with the carbon electrodes. 
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The D lines show in potassium both as middle and pole lines, 
but the ionization lines of sodium do not show. According to 
Foote and Mohler,’ the ionization potential for potassium is 4.1 
volts and for sodium 5.13 volts. It is possible to argue that we 
have here an effective ionization potential greater than 4.1 volts 
which produces the potassium lines and less than 5.33 volts which 
fails to produce the ionization of sodium. The existence of such a 
narrow range of effective potential seems, prima facie, improbable. 
Rather, the sodium ionization lines would appear to be absent 
because of their inherent weak luminosity. However, the 
following consideration confirms this rather unexpected result. 
The calcium doublet pair A 3969, 3934, the potassium doublet 
AA 4047, 4044, the sodium doublet AA 3303, 3302, and the sodium 
yellow doublet of the diffuse series, all of which are ionization lines, 
show prominently in the carbon arc. The ionization potential in 
this carbon arc is nearly doubled, as is apparent when one considers 
the potential fall in the different arcs. The ionization value for 
calcium as given by Foote and Mohler is 6.01 volts. Since the 
above-mentioned calcium lines appear, we have an effective 
ionization greater than 6.01 volts. Therefore the sodium ionization 
lines, which require only 5.13 volts, also appear; whereas sodium 
did not appear in the potassium arc where the required potential 
needed to reach only 4.01 volts. The amount of sodium actually 
present in the two cases could not have been appreciably different. 

The red lines which would be expected to belong to Stage I could 
not be satisfactorily observed. The violet double which is the 
second member of the same series belongs in Stage II. The same 
is true of the yellow lines of the diffuse series. ‘The observations 
could be carried no farther. 


CALCIUM 
A large number of lines in calcium as well as in strontium and 
barium were easy to realize. From the intensities which have 
been observed and the intensities which are recorded in the table 
for calcium in Kayser’s Handbuch der Spectroscopie (5, 246) it 
was easy to infer which lines could have been reasonably expected. 
These lines are given in Table II. The first column indicates the 


t Philosophical Magazine, 37, 33, 1919. 
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* Bands overlap the group. 
+ An easy middle line, while the rest of the group are difficult. 


$ First line of the first member of the sharp series. Strong like \ 6439, but not so persistent at low 
currents. Also an easy middle line, \ 6161, not resolved. Term 3 of this member overlapped by a band. 


§ An easy position for observation with very unexpected results. 

|| In comparison with other lines equally strong, Group “D”’ should be stronger in the middle, like 
AA 5500, 5589. They are therefore difficult middle lines and may belong to Stage III. 

© Unexpectedly missing. 

** Uncommonly relatively strong lines at middle. Easy middle line. 


+t Fade off through a distance as large as the pole bead, but are very weak toward the center, and 
intermittent across the center for low currents. Diffuse-series group, 2p:—md. 


This pair are the inverse of the expected result. Thalen gives four lines, and the one actually 
present he records as the weakest. Strong background interferes. 


§§ A strontium impurity recorded for the sake of comparison. 
|| |! Lost in band. 

4% Exceptionally short line. 

*** Unresolved. 


anticipated lines and the second column the intensities of the 
lines taken from Kayser’s table. The subsequent columns represent 
the observations with the Hilger spectroscope. The indexes 
pertain to some condensed statements in the footnotes in regard 
to the behavior of the lines. The lines are given in groups “A” 
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to “J.” These are quite arbitrary groups. They represent aggre- 
gates of lines, not series grouping. It is largely a convenient 
method of making comparisons. However, many of these groups 
behave very similarly and doubtless have much incommon. Group 
“C,” for example, belongs to the Ritz combination, 3d;—3/;" 
There are also certain groups, or aggregates, which fail to appear 
at all. 

Line \ 4227 corresponds to requirements of Stage I. There are 
numerous lines distinctly belonging to Stage IT. Many of these have 
been examined in a preliminary way with the crossed-nicol filter 
system. With some lines there is considerable uncertainty; there 
are many late lines. 

With carbon electrodes without calcium chloride the potential 
takes a big jump. ‘The three leading lines which show in the pole 
illumination at the carbon are then XA 3934, A 3968, and A 4227, 
and in the order named. At o.1 ampere, electrode \ 3934 is about 
three times as bright as \ 4227. These three lines occur as an 
impurity in barium, but a good share of the calcium there doubtless 
comes out of the electrodes. Again we find at the poles with o.1 
ampere an intensity about 50 for \ 3934 and about 20 for A 4227, 
while in the center \ 3934 does not show and X\ 4227 has an intensity 
of about 8. It will be noticed here that there is both a higher 
temperature and a larger potential fall at the poles; and that both 
of these factors will contribute to the production of higher-velocity 
electrons. This is the essential requirement of Stage II, while the 
middle of the arc for the lowest currents corresponds rather closely 
to Stage I. Therefore, with the increased velocity of the electrons, 
the lines \ 3969 and A 3934 of Stage II replace the lower-excitation 
line \ 4227 of Stage I. If this consideration has merit, it is sug- 
gestive as to solar conditions, where these lines are of predominant 
interest, and where the doublet pair are not only the brightest, 
but also the most conspicuous lines in the entire solar spectrum. 

From the results of Mohler, Foote, and Stimson,’ it is shown 
that \ 6573 is the first and \ 4227 the second resonance line in 
calcium. It appears that resonance has been observed in three 

* Popow, Annalen der Physik, 45, 154, 1914. 

2 Bureau of Standards, Paper No. 368. 
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types of series, 1S—mP, 1s—mp,, and a cross of these systems, 
1S—mp,. Lines \ 3934 and A 3968 represent the second type, 
clearly pole lines in the arc, and \ 4227 represent the first type, 
which is an extremely easy line in the middle of the arc. Line 
6573 has always been unimportant in the arc. It represents the 
cross-system. King" finds it brilliant in the furnace spectrum of 
calcium. It seems therefore to deserve close attention. In the 
present arc the conditions almost baffle investigation. The line 
at the pole is doubtful even at 0.25 ampere. In the middle it 
intermittently comes out of a halo or narrow band, when it is 
brighter than its near neighbor \ 6500. (See \ 4571, magnesium.) 
Lines \ 5042, type 1D—2P, and \ 4527, Type 1D—3P, are lines 
which are just traceable under the experimental conditions in the 
middle of the arc ato.3 ampere. They clearly belong to Stage IIT. 
Careful search for \ 5513, Type 1P—35S, and for \ 4847, Type 
1P—45S, failed to discover them. Hence they must be assigned to 
a later stage. 

The calcium spectrum nearly fades out to the blue of A 3934. 
The lines of the second member of the sharp series of triplets are 
near neighbors of 3934. These lines are AA 3974, 3957, and 
3949. ‘The first two lines have about 1/200 of the intensity of 
d 3934, and the third line is invisible. Lines A 3737 and A 3734 have 
the same frequency differences as \ 3939 and A 3934. ‘The intensi- 
ties for these two lines are respectively about 1/50 and 1/200 of 
3934. These five lines belong essentially to Stage III, while the 
diffuse-series’ first and second members are found in Stage II. 
The head of the so-called cyanogen band at A 3883 is traceable. 

The details of the crossed-nicol measurements are very similar 
to those found with barium lines and are not given here. The 
readings for a few prominent lines at 0.25 ampere only will be 
given. It is interesting to compare these values with the estimate 
of the unaided eye in Table II. The lines are given in angstrom 


* Astrophysical Journal, 28, 389, 1908. King gives the literature concerning 
these three lines and an examination of them in the electric furnace with different 
quantities of calcium and at different temperatures. Our results are very similar. 
He attributes the growth of \ 3969 and A 3934 to increase in temperature. In the 
present discussion temperature is recognized as a contributing cause and the partici- 
pating cause is held to be the state of excitation. 
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units, with the measured intensities in parentheses following the 
lines: X 5589 (30-50), A 5485 (370), X 5270 (133), A 4878 (133), 
d 4586 (40), D, (21), 4 5934 (370). 


BANDS 


Line \ 5485 is approximately the blue edge of a band, which 
contracts in width as the crossed angle of the nicol system increases. 
Another band, A 5934, adjoining D, (sodium), seems more like a 
line in the midst of a broad radiation. As the crossed-nicol angle 
increases, the band contracts toward the line, but fades out more 
rapidly upon the less refrangible side. Judgment upon the lines 
was made at the poles and upon the bands in the middle of the 
spectrum. Band d 5934 is much stronger at the pole than in the 
middle. It is, however, very fickle at the pe’. .nd some readings 
showed twice the intensity of others. Hence they were discarded. 
Band \ 5485 is different. It is weaker at the poles; its appearance, 

which was observed with a 20 per cent crossed- 

sas nicol, is shown in Figure 2. Adjoining the band 

on the red is Group d, of pole lines. In the pole 

| | region the band fades off upon its weaker side. 

~vo/e It is strongest just above the limit of the pole 
Fic. 2 lines. Another line or narrow band, about 

A 6080 to the blue of 6103, behaves in the 

same manner as A 5480. It requires no nicol to observe it. Oppo- 
site the pole line \ 6103 it is very weak. Line A 6103 shows weakly 
as a middle line, and opposite its middle \ 6080 is much stronger 
than opposite the pole. Some bands of the chloride group are 
given in Kayser’s tables in the region of \ 5480, and A 5934 is there 
assigned to the metallic group. This suggests that the chloride 
molecule does not exist in the position of the pole excitation, and 
that there is a large recombination of metal and chlorine after 
passing beyond the pole excitation into the region of lower 
excitation. The metallic (molecular) excitations are just as 
persistent in the middle of the arc as the leading lines. They can 
be traced to the last limit with \ 4227, the resonance vibrator. 
Unfortunately the writer could not use the crossed-nicol with the 
latter line. Its behavior, in general, is like D,. The band A 5934 
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grows in intensity with the current at the middle, not in two well- 
defined branches like resonance lines, but more like other lines, 
with moderate and progressive changes in the slope. 

Some lines have been added to Table II since the receipt of an 
important contribution by Dr. F. A. Saunders.’ His article gives 
one enough types to make some comparisons, which one may safely 
make and reserve the discussion of the matter to the subsequent 
contribution. ‘The line of Stage I has Type 1S—1P, while Type 
1S—1p, is missing. When ionization occurs and Stage II appears, 
Types 1p—is, 1p;—2d, 1p;—3d, and 1p;—2s appear. Stage III 
is represented by Types 1P—3D, 1D—2P, 1D—3D, 1D—1F, 
1D—2F. Observe here an expansion of the atomic action as 
represented by the first term of the types and of the electron 
displacement as represented by the second term of the types in 
passing from Stage I to Stage III. A spectroscopic observation 
may also be added. Lines of Stage III come out of the very core of 
the polar illumination where there is a great vapor density, strong, 
continuous spectrum, greatest current density, and a sustained 
action upon the ions. 


STRONTIUM 


There will be no particular advantage in tabulating the observed 
lines as in calcium. Using Kayser’s Handbuch der Spectroscopie, 
6, 539, as a guide, all strong lines given by Exner and Haschek for 
the arc are obtainable in the visible spectrum. Their lines of 
intensities 1 and 2 only are uniformly missing. Besides representa- 
tives of this weaker class of lines, there are seven lines missing 
between A 5971 and A 5599 inclusive. 

These missing lines are not appreciably disturbed by con- 
tinuous or band radiation, they therefore belong to late excitation 
stages. Lines A 4338, 44319, and i 4308, a triplet group, are 
overlapped by band or continuous radiation, and only the first 
line of the group is visible. These lines at the poles show no 
conspicuous variation from the values of relative intensity given by 
Exner and Haschek. The stronger the pole line, the more easily 
it is in general to trace it toward the middle of the arc. But 


Astrophysical Journal, 52, 265, 1920. 
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strong pole lines do not always come out with the same ease at the 
middle. Some lines relatively weaker tend to come out at the 
middle much sooner than stronger lines. Because of this charac- 
teristic, it seemed desirable to tabulate the lines as in calcium. 
But there is too much diversity in this variation to reduce it to any 
system. In trying to trace the lines to the lowest current limit, 
the weaker lines go out first, invariably, in strontium. There area 
number which vanish about 0.045- 
©.05 ampere at the negative pole. 
But many of these lines are still dis- 
tinct at the negative pole at 0.032 
ampere. Just off the center of the 
negative glow, either toward the pole 


rJ 


or toward the center, there are only 
three lines, \ 4607, \ 4216, and \ 4078. 
On the outer mantle of the negative 
pole, and in the center much of the 
time, A 4607 only is found. At the 


Log Lrterns/Hes 








Zz.4 6 8 vases# positive pole there are only the three 





(1004 Arnperes) . 
a" “ lines at 0.05-0.055 ampere. Here, 
Fic. 3 there is the first trace of a richer 
a=) 4607, —pole spectrum at about 0.07-0.08 ampere. 


b= 4607, middle 
c= 4962, —pole hos 
d=} 4962, middle at the positive pole to produce a 


e= 6025, band—pole many-lined spectrum as rich and 
f=6025, middle 


+, 4873, —pole 
xX, 4873, middle pole at 0.035 ampere. Later, by 


O,5950, pole using 3000 volts, the current was 
carried down to 0.025 ampere. The 
three lines listed above are still visible at the negative pole, but 
the “‘p” pair of lines is very weak. At the positive pole and in the 
middle of the arc, \ 4607 alone is visible. Evidently the positive 
pole separates the excitations better. There is now only a low, 
wavelike illumination in the red-band region. 
A few of the lines have been studied with the crossed-nicol and 
filter combination. They are given in Figure 3. Line X 4607 
shows two distinct slopes. In the second slope, it was quite 


It requires a current of o.1 ampere 


strong as is found at the negative 
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impossible to secure readings which did not overlap. The slope 
is here less steep than for the other substances. ‘The prime cause 
lies in the strong self-reversal of the line. It was found that reversal 
was evident at o.1 ampere and became more pronounced as the 
current increased. This is the most conspicuous line in the stron- 
tium spectrum. Its series type is 1S—mP, and the leading term 
of this series. Line \ 4227, in calcium, has been identified with 
this type, but it could not be followed. Lines D, and D, in sodium 
show the same characteristics as this line, but are represented by 
the series Type 1s—mp,. In strontium the latter type is repre- 
sented by \ 4126 and A 4078, as is clearly proved by the Zeeman 
effect. These cannot be followed satisfactorily in a quantitative 
way. It is clear from photographs with low currents that \ 4607 
is predominant, and for larger currents that the lines \ 4216 and 
\ 4078 are overtaking the former. But even at 0.25 ampere it 
could not be said that they intrinsically equal \ 4607. The latter 
is a very wide line with strong self-reversal. As a middle-arc 
line, \ 4607 has no lower slope at o. 25 ampere than the same line 
at the pole with o.o5 ampere. The change in the line at the middle 
of the arc is more progressive. Even at the middle of the arc at 
low current it is more prominent than any polar line. Up too.25 
ampere, no polar line, unless it be \ 5481, has equaled the intensity 
of this middle line. 

Line \ 4962 is a second member representative of the diffuse 
series, while the first member lies in the extreme infra-red, at 
X 2735-6, and cannot be studied. Line \ 4962 is a relatively easy 
middle line. Its characteristics show a development more like 
d 4607 than had been expected. ‘The development is slower. As a 
pole line it follows \ 4607 as a middle line for a short distance and 
then progressively falls off in intensity more than that line. Now 
too much stress may be laid upon.these appearances. But realizing 
the apparently easy interpretation which could be placed upon it, the 
readings for the line were repeated three times by varying nicol at 
constant current, and by varying the current with constant nicol. 
This gave a promiscuous lot of readings along the line, but did not 
change the feature of a rapid early, and-slow later, growth in inten- 
sity with increasing current. 
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Line \ 4968 is the stronger of the two satellites of \ 4962. It 
increases both at the pole and at the middle very uniformly. Itisso 
very weak at the middle that there appears a great tint difference 
between it and its near companion \ 4962. At o.25 ampere it is 
noted that the intensity of \ 4962 at the pole is twenty times as 
strong as at the middle, whereas \ 4962 pole is fifty times as strong 
as A 4968 middle, i.e., we have here intensity ratios 50, 20, 1. The 
unobserved satellite \ 4972, according to Exner and Haschek, has an 
intensity of 3, and for the three lines they give ratios for intensity 
of 50, 20, and 3. Considerable allowance must be made in the 
methods of determining intensities. This is scarcely adequate to 
cover the difference observable. For, easily, 1/150 of the stronger 
line would have been observed in the clear field at \ 4972. ‘This is 
nine times the ratio of values required from the Exner and Haschek 
values. It seems rather reasonable to conclude, therefore, that 
4972 has not been excited at all. The same method of examina- 
tion may be applied to missing lines whose intensity is about two, 
but it does not have quite as much force. Prolonged photographic 
exposure also failed to bring out these lines. It therefore seems 
probable that these lines are not excited in the low-current arc. 
The lines of the second subordinate or sharp triplet series are much 
less pronounced than those of the diffuse series. The first member 
lies in a band region, but lines can be recognized at the pole. There 
is a trace only of two lines, \ 4438 and A 4362, of the second mem- 
ber. This is out of all proportion to the corresponding member of 
the diffuse series. For the two respective members Kayser’s Hand- 
buch gives very similar intensities. Within the first member of the 
sharp series lies \ 6892, which, the author strongly suspects from 
King’s results, belongs to 1S—m.,,? mixed-series type, just as the 
calcium line \ 6573. When the pole illumination is accurately upon 
the slit, there is sufficient intensity here for visual observation. 
The diffuseness is even more pronounced than for \ 6573, and 
although having looked diligently, it is not possible to say there 
is a line in this diffuseness. 


* Astrophysical Journal, 51, 184, 1920. 


2 Saunders confirms this classification. 
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The two red bands studied are doubtless each overlapping bands. 
The wave-lengths assigned represent approximately positions of 
maximum intensity. Band \ 6025 is more than twice as wide as 
5950. Both at the pole and the middle these bands increase 
uniformly with the current. 

As seen from the graph, Figure 3, pole line \ 5481, band A 6025, 
and band X 5950 are remarkably alike in their development and 
growth. After they are definitely established they grow uni- 
formly with the current. They can be expressed by the equation" 


log [=k (log i—log in), I= (:), 
where J is the intensity, ¢ the current, 7, and k constants. Now 2,, 
the intercept upon the current axis, would be the inception current 
provided we may extrapolate along the curve below the lowest 
readings. After inception the intensity is proportioned to some 
power of the current. The apparent effect is that lines go out a 
little more rapidly down in this low-current region, but the whole 
effect is then masked by the hiding of the pole behind some small 
particle of salt or electrode material. Taking this feature into 
consideration, the graphs suggest a common origin for all lines 
studied except for \ 4607. The violet p series \ 4216 and X 4078 
could not be studied by the crossed-nicol method. 

Basing conclusions upon the foregoing analysis, \ 4607 is the 
last limiting line upon reducing the current and belongs to Stage I. 
It is believed there is clear evidence at the positive pole that the 
“‘»” pair does not hold out as long as \ 4607; but whether or not 
its appearance slightly earlier than the many-lined spectrum was 
due to its intrinsic brightness could not be settled. If we make a 
separate stage for this pair, then the many-lined group would fall 
in Stage III. But these lines correspond very closely to the 
requirements of Stage II and are like the lines of this stage in other 
substances. Forty-six lines were counted in Stage II off the 
positive pole at o.1 ampere. Lines of Stage LI do not isolate 
well, as the analysis shows. Following the outline of stages, the 
unobserved lines would fall in Stage V, the unclassified stage. 


* See Part II (subsequent paper). 
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BARIUM 


The barium lines do not in general push as rapidly toward the 
middle of the arc as calcium or strontium. Nearly every line of 
intensity 3 or greater given in Kayser’s Handbuch (5) is present in 
the pole illumination at o.3 ampere. The following lines were 
missed (the parentheses show intensities by Hoeller): \ 6451 (6), 
d 6175 (3), A 5908 (4), A 5819 (3), A 5784 (3), A 5714 (3), A 5680 (5), 
45594 (3), 44283 (8). The ultra-violet shuts off very rapidly. 
Line \ 3892, Stage II, is the most pronounced. Evidence for its 
similarity to \ 5536 was sought but not found. It is followed by a 
triplet of Stage IT, \ 3545, \ 3525, A 3501, the last of which is the 
strongest. These lines are not a true triplet according to Saunders." 
The last line he classifies as the first member of the singlet series, 
1S—mF. ‘The second member of Saunders’ singlet series, 1S —mP, 
of which \ 5536 is the leading member and the fundamental of the 
whole spectrum, is \ 3072. Air bands interfere in its observation. 
The Zeeman effect postulated for this series is the normal triple 
“a.” The writer’s observations? confirm this result for \ 5536, 
but show a value (12/11) a for the second member. ‘The latter is a 
difficult line, and an error of 1/11 is not excluded. Members 2 and 
3 of the d series are in evidence at the poles in the ultra-violet. 
Stage IIT seems to fit them just as it does the first member (see 
below). The first term of the first member of the d series is missing 
in barium, just as it was missing in calcium and strontium. ‘There- 
fore it appears that the satellite types may arise as later excitations 
than the lines with which they are usually associated. 

Increasing the potential in later experiments to 3000 volts, the 
current was carried down to 0.022 ampere by shortening the arc a 
little. The pole excitation may then conceal itself between the salt 
particles, or it may seize upon a salt particle and stand out promi- 
nently. In the latter case the spectrum is a beautiful green glow. 
Bands and the last trace of \ 4554 disappear. Line A 5536 stands 
out definitely in the middle of this green spectrum. (Chloride 
bands are said to overlap this point.) This spectrum, growing 


t Astrophysical Journal, 51, 23, 1920. 
2 Ibid., 28, 1, 1908. 
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continuously weaker, extends far toward \ 4934. ‘Toward the red 
it extends as far as, or farther than, the position of the D line, but 
the D lines are absent. In the red there is a succession of weak 
ripples—presumably a residue of the red bands. 

In barium, some lines of the prominent types of series are very 
favorably located for study by the crossed-nicol filter combination. 
The lines also lie very advantageously 
with respect to each other for com- 
parison. The leading singlet member 
5536 lies close to \ 5519, the strong- 
est line of the first member of the 
diffuse series. Now if A 5519 were 
alone, its sudden appearance with 
change in current could be attributed 
to a drift to and fro of the image upon 
the slit of the spectroscope. But with 

5536 pole illumination strongly in 
the field of view at the time of the 
current change, a sudden appearance Qo * LoglieoxAmperes) - 
has its origin in an outburst of the line. 

Now these lines are shown in the 


Log Ln ers) 110s 











Fic. 4 
a=) 5536, —pole 


graph, Figure 4. It appears that line b=\5536, middle 
5519 at its inception leaps very quick- c=4554, —pole 
ly to quite a distinct intensity. But ae —— 
, ‘ z €=A49034, — e 
it appears later than lines of Stage IT, f= 4934, aii 


and reluctantly appears at the middle. g=5519, —pole 

It is therefore assigned to Stage III, 

which is a rather unexpected thing for a leading member of the 
d series. Likewise \ 4934 of the / series and X 4900 of the s series 
are adjacent. Line \ 4900 makes a late appearance and is a rigid 
pole line. The same is true of its companion line \ 4525 which 
cannot be separated from \ 4523 for the crossed-nicol study. Both 
these lines are short lines. These series lines cannot therefore 
get into Stage III, much less get into Stage II, where there is the 
first appearance of the many-lined spectrum. ‘The earliest assign- 
able stage for this s series pair is therefore Stage IV. The pair 
4034, 4 4554, P series, are contenders with A 5536 for first place. 
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Following the current down to its lowest limits, they drop out. 
Along the graphs they have another characteristic. They are 
therefore assigned to Stage II. Another much weaker pair, 
\ 6497 and A 5853, are assignable to Stage II. Line \ 6142 also 
belongs in this stage. It is generally recognized as a leading line of 
the barium arc.’ From Table III it is the sixth line in brightness, 


TABLE III 

















INTENSITIES AT 0.2 AMPERE 
WaveE-LENGTH : 
STAGE 
r Negative Pole Middle 
EE ee iewre aise pe wae ones 276 40 II 
Eee et Tee eee 268 14 II 
rare cia re eacacraae eae oer wae eras a 530 I 
I pie a ita Rae mehiniiye sin 6:8 364 24 II 
ERE a ear Bere se er ee ee III 
nS Ghia scipaire sgogaia ier sed a 2500 (560) I 
BS ss eG Ee ao eas a TF acd 1460 (—) III 
BRE Saar enwns are wiwediasais 1080 250 II 
ee eee re 220 ° IV 
RNa ra is ahh Kam Nui Hee hon 660 ° IV 
BE adaterikatede anaes ness 104 ° IV 
rita race eg Silene giatar sin ee 660 ° IV 
MT aaa arn Bde Rares acm ecen 355 ° IV 
isla hi hice mieten ad o4 430 - IV 
MCS ich sale He HR wisi a ark lees 272 _- IV 
ae eri tintnneewinn seeFe 288 - IV 
Ng atatetes ssw exinietsve's wisrse ots 1720 316 II 














instead of the fifth,t in the middle of the arc; and at the poles it 
stands much lower than several pole lines of Stage [V. In Figure 4, 
graph ‘“‘f” represents equally well \ 4934 middle, \ 4900 pole, and 
d 6497 pole. 

As designated above, there were numerous other lines which are 
not recorded in Table III. If any of these belong to Stage II, they 
have escaped the writer’s notice. There has been no attempt to 
separate them into Stages III and IV, where they all belong. 
Certain unobserved prominent lines noted above may be pro- 
visionally placed in a later stage. 


MAGNESIUM 


First, magnesium chloride was tried upon carbon in the same 
manner as with the other salts. The salt rapidly disappeared and 


* Kayser, Handbuch der Spectroscopie, 5, 144-146. 
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the potential climbed toward the carbon electrode characteristic. 
For low currents it then assumed the distinct glow arc characteris- 
tics. The first member of the sharp series occurred at the negative 
pole in the glow discharge. Whether or not this member may 
continue to the lowest limits of the current is uncertain. Much 
seemed to depend upon the presence of the salt and whether it was 
participating in the action of the arc. The same holds with refer- 
ence to the first term of the diffuse series in the ultra-violet, but 
this was more difficult because photography had to be applied. 
Neither set of lines appear in the middle of the arc below 0.07 
ampere, and probably not below 0.09 ampere. Three leading 
lines of the oxide group beginning at \ 5007 can be seen for at least 
as low a current as 0.09 ampere. There are other groups close to 
the electrode surface also in the ultra-violet which were not identi- 
fied. Particular interest centers in the line 44571. It is the 
fundamental resonance line of the substance,’ 1S—2)p,, mixed- 
series type. This type was not observed in strontium and very 
doubtfully observed in calcium. The line was not observed for any 
current either in the middle or at the poles with the chloride of 
magnesium. The metal magnesium was next tried. A small 
piece of the metal was used in a shallow crater of copper, and 
copper was used for the upper electrode. With a current of 0.07 
ampere or less one could sustain the current without flaming for a 
short time and make a good inspection. The oxide group A 5007 
could be easily traced, and \ 5183 flares, but this line did not show 
until flaming ensued. This was not a flaming arc, but a combustion 
which would continue after the arc circuit was broken. The line 
may be observed in the arc for very large currents, if the salt is 
plentifully supplied. It then occurs in the middle of the arc, and 
after watching it some time, it was decided that it occurred by 
reason of a certain amount of spraying of the salt by the hot arc. 
The same thing could be happening in the larger-current calcium 
and strontium arcs. It is suggested that this is the solution of the 
question and that the type of line is foreign to the operation of these 
arcs. Another resonance line occurs at A 2852. ‘This line was 


t Toc. cit. 
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found in the chloride spectrum, but it was not found without the 
presence of the d member A 3838 and three or four other lines, 
not well separated, at AA 2803-2790. The stage of these lines was 
not settled. They show well at 0.12 ampere. Only the first 
members of the d and s series could be safely classified, and then 
reliance must be made largely upon the ratio of polar to middle 
intensities. They are assigned to Stage II. Two other polar lines 
are found which were observed at both poles. These lines \ 5528 
and \ 4703 are not earlier than the third stage. 

Discussions and the conclusions will follow in Part II, which will 
deal with metals. 
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A PHOTOMETRIC STUDY OF Y CAMELOPARDALIS 
By RAYMOND SMITH DUGAN 
ABSTRACT 


Eclipsing variable Y Camelopardalis.—The 1035 photometric observations, in which 
B.D.+-76°285 was used as comparison star are given ina table of 210 normals. The 
probable error of a single observation is =o“o44. The light-elements derived from the 
observations are in good agreement with Miss Harwood’s conclusions concerning 
variation of the period. The /ight-curve shows the effects of ellipticity and reflection. 
A secondary minimum has been detected. The eclipses are partial and last about 
12} hours each. The range of variation is 173 in primary minimum and oMos in 
secondary minimum. “Uniform” and ‘“‘darkened”’ orbital, elements are collected at 
the end of the paper. In order to get a satisfactery ‘“‘darkened” solution, it was 
necessary to assume that one side of the fainter star was entirely dark. 

The variability of Y Camelopardalis (B.D.+76°286) was 
discovered by Mme Ceraski in 1903. According to Miss Cannon, 
the spectrum is between A and F. The faintness of the star— 
Wendell' makes it 10“6 at maximum—makes impossible a precise 
classification. The star has been observed—with the usual con- 
centration on the primary minimum portion of the light-curve 
by Blajko,? Nijland,’ Wendell,4 and Lehnert.’ Miss Harwood® has 
utilized the Harvard plates to form a photographic mean curve 
and has studied the variation of the period. Mean curves have 
been discussed and orbital elements derived by Dr.’ and Mrs.° 
Shapley. My own observations were begun in 1906, but the bulk 
of the 16,560 measures were made in 1908-1909 and 1916-1917. 
The observations and discussion will appear in detail in Contribu- 
tions from the Princeton University Observatory. 

With the addition of the visual observations the plot of the 
difference between the time predicted with Miss Harwood’s 








t Wendell, Harvard Annals, 69, Part II. 

2 Astronomische Nachrichten, 163, 91, 1903; 177, 119, 1908. 

3 Astronomische Nachrichten, 176, 165, 1907; 183, 281, Igto. 

4 Harvard Annals, 69, Part II. 

5 Astronomische Nachrichten, 200, 163, 1915. 

6 Harvard Annals, 84, No. 2. 

7H. Shapley, Contributions from the Princeton University Observatory, No. 3. 
§M. B. Shapley, Astrophysical Journal, 46, 56, 1917. 
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constant period and the observed time retains the general char- 
acter of her diagram. The residual which apparently increased to a 
maximum of +50™ in J.D. 2416300 decreased steadily to—2'24™ 
in J.D. 2421300. My own observations are best represented by 
a straight line which makes a slight angle with the contemporary 
portion of Miss Harwood’s curve, and which corresponds to the 
elements: 
Min.=J.D. 2418306.23526+3.3054517 E 


The mean epoch of these elements is J.D. 2418521. B.D.+76°285 
was used as comparison star and gave no indications of being a 
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Fic. 1.—Y Camelopardalis 


variable. A probable error of +o™o44 of a single observation 
(16 measures) is indicated by the residuals of the normals of 
observation from the theoretical curve. 

The curve of primary minimum is sensibly symmetrical, results 
from a partial eclipse, is about 123 hours in length, and involves a 
loss of 173. A secondary minimum of the same duration and 
involving a loss of but o“os has been found. An apparent dis- 
placement of secondary minimum nearly an hour toward the 
following primary minimum is the only indication of orbital 
eccentricity. 
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TABLE I 
TABLE OF NORMALS 
o-b 
Normal Number Phase Weight O-C 
O Cc 

rer —olgh24™20 4 +0872 +oM883 —oMorr 
Boa viene 4 II.90 4 0.936 0.919 + 17 
Bs dns aeausewn 3 56.88 3 0.978 0.962 + 16 
ne eee 39.50 4 1.049 1.022 + 27 
De ote ieee 25.19 3 1.098 1.083 + I5 
Dickdasinsaes 3 8.28 3 1.183 1.158 + 25 
WS in wetacia cancel 2 42.04 3 1.306 1.287 + 19 
Ditie capes 28.00 5 1.366 1.372 - 6 
SE eae 16.40 5 1.485 1.450 + 35 
Pcxcuisewees 2 6.80 ‘ 5 1.536 1.520 + 16 
BGs aw ansasawes I 56.33 4 1.613 1.599 + 14 
ee rr 43.50 4 1.682 1.695 —- 13 
DE nxieadne eases 29.56 5 1.803 1.820 - 7 
fis ce ainaessas 16.78 4 1.953 1.935 + 18 
See I 5.94 4 2.004 2.039 + . 25 
Serer © 54.50 4 2.148 2.131 + 17 
) SE rere 44.56 4 2.189 2.225 — 36 
Pit «ceae 33.50 4 2.318 2.318 + ° 
Te cicexsvedios 20.56 4 2.335 2.399 — 64 
a Peete 12.17 5 2.438 2.430 + 8 
er ee —0 0 4.39 5 2.464 2.451 + 13 
BR: is cdncdaves +o0o 3.94 4 2.463 | 2.452 + 4a 
ORwide weeawnn II.10 5 2.440 2.432 + 8 
eer 19.10 5 2.350 2.402 — 52 
See 29.06 5 2.319 2.347 — 28 
DBs cnt dseses 36.67 5 2.244 2.290 — 46 
Mis asiaacieawcesen 45.80 5 2.230 2.215 + I5 
Cis esas nn eee 52.63 4 2.150 2.151 - I 
Mek eeivenas 58.50 4 2.109 2.100 + 9 
saat Rane : 3.90 4 1.998 2.056 —- 58 
ED scukhanaxeien 10.28 5 2.038 2.000 + 38 
DR 6x ku axin ore 17.50 5 1.940 1.931 + 9 
BN oy a aarete 26.00 5 1.860 1.850 + 10 
ES ere ee 34.00 5 1.792 1.778 + 14 
BG ian ani seneccie 41.20 5 1.713 t.7ts - 2 
Ds ss eaeaww nes 48.22 4 1.644 1.658 — 14 
Bic narcotics I 55.50 4 1.586 1.609 — 323 
Sie x aresnieewen 7-33 4+ 1.507 1.510 - 5 
ME cian ay oes 18.11 5 1.469 1.437 + 32 
Mic scekesenes 25.50 5 1.417 1.390 + 27 
OE. ax ciewewns 33.2% 4 1.371 1.340 + 31 
ee ere 40.607 4 1.204 1.299 - 5 
ee eee 48.40 5 1.249 1.252 _ 3 
Oi kas eonaaioues 2 58.10 5 . ae 1.206 —- 24 
Eee ee +o 3 7.13 4 +1.163 +1.163 = 0.000 
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TABLE I—Continued 











— —— SS mmemsecemeee mmm — 
vb } 
Normal Number Phase Weight -_ O-C 
oO c 

ME aks aanibs +o! 351656 4 +1™127 +1120 +0007 
”\ Seer ore) 25.29 3 I.OgI |} 1.081 + fe) 
See eres 37.50 4 1.021 | 1.2.0 = — 9 
ia deca are as 3 £4.70 4 0.953 | 0.969 16 
5° 4 10.80 4 0.900 ©.902 _— 2 
et. . 34.10 4 0.857 o.860 o- 3 
52. 4 47.50 | 4 0.540 | 0.832 +r 4 
SR are rere S 2.30 } 4 0.782 | 0.804 22 
BO Sete teow anya ki 20.70 | 4 0.773 | 0.7609 + 4 
Serre 53.00 4 0.095 0.748 _ 53 
56 6 11.43 | 2 0.762 0.738 + 24 
RNa die oe asa tare ete 32.50 4 0.758 | ‘@.3745 sa 23 
58 6 48.40 4 0.703 0.733 = 2 
59. 7 10.70 4 0.704 0.730 a 34 
Se ase 7 41.60 3 0.733 0.728 - 5 
_ ee re 8 8.50 | 3 0.701 0.726 _ 25 
62 8 33.30 3 0.768 0.722 i 40 
Oa. 9 6.70 3 0.700 0.719 - 4! 
64. . 31.20 5 0.766 0.717 + 49 
05 42.20 5 0.747 | 0.714 — 2 
citi ccevnce cioke 9 57.80 5 0.724 0.713 + II 
_| SESS rea segs” 10 9.90 5 0.754 0.71! i 43 
_ Eee 24.30 5 0.723 0.710 i 13 
60. . 30.90 4 0.734 0.708 + 20 
Ny ee cetenRaraeaten IO 51.50 4 0.720 0.707 — 13 
ie II 9.40 5 0.678 0.704 ~ 26 
72. 24.50 4 0.687 0.702 = 15 
73. II 43.00 4 0.709 0.700 + re) 
74. I2 19.00 3 0.684 0.096 — 12 
y Ae I2 42.10 4 0.022 0.093 ~- 71 
Oak py eewews 23.43.30 3 0.648 ©.690 - 42 
: Se ee ee I4 23.90 3 0.054 0.0383 ae 29 
Oise Reais is 9.20 3 0.678 0.680 _ 2 
DR ae are a anaes I5 30.00 4 0.095 0.678 + 17 
Dereiaeaesemes 16 4.30 3 0.618 0.674 - 50 
Dee ci mardrodvens 16 51.90 3 0.662 0.671 = 9 
Ee, | ee 17 22.40 4 0.700 0.670 + 30 
PO ere 17 41.90 4 0.687 0.669 + 18 
eee 18 2.90 3 0.711 0.667 + 44 
Pc din veasiewess 18 42.70 3 0.675 0.666 + 9 
__ (SER Preemie ater IQ 9.70 4 0.660 0.664 = 4 
_ SR area 18.go 5 0.663 0.604 _ I 
SR ere 28.50 | 5 0.680 0.663 v 17 
| Se 30.80 4 0.72 0.663 — 57 
OO. cc cseinescal SO BO 52.20 4 +0.653 +o.662 —0.009 
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TABLE I—Continued 

| ob 
Normal Number | Phase Weight —— omeaies Oo-C 

| | oO | Cc 
ON oo arth Hee ee | +of20 4™60 | 4 +0663 +oM661 +oMoo02 
We ag saan 23.90 | 3 0.642 0.661 —- 19 
exc ahaa | 20 53.20 | 3 0.640 0.660 — 20 
BM -scpatk ciel 21 32.90 | 3 0.628 0.660 —- 2 
ME cna scaneue or 57.31 3 0.632 0.660 —- 28 
06. © 22 15.10 2 0.600 0.660 — 60 
Ws va hat wero cy I O 31.00 3 0.688 0.661 + 27 
98. . I 18.20 | 3 0.666 0.664 oo 2 
99. 1 58.25 | 3 0.659 0.666 - 7 
100 2 26.57 | 2 0.684 0.668 + 16 

‘] 

IOI $6.98 | 3 0.656 0.670 _- 14 
CET ee 3 42.80 | 3 0.616 0.672 _ 56 
103 4 50.25 || I 0.6065 0.677 — 12 
104 ; 6 30.69 | 3 0.680 0.687 _ 7 
Ee cre 6 48.00 | 2 0.653 0.689 — 36 
ee 8 18.63 I 0.713 0.697 + 16 
SEER 9 21.33 | I 0.698 0.701 - 3 
BOB. seve eee! 10 43.50 | 3 0.672 0.710 38 
OR as s.04-c swan II 19.10 | 4 0.064 0.712 48 
DUIS a seus on wteeooee 35-90 | 4 0.672 0.713 — 4! 
Pe err II 55.00 4 0.686 0.716 —- 3 
Mie cecoswoe 12 31.61 4 0.675 0.719 — 44 
Eat ee 13 18.71 2 0.740 0.729 + 17 
“eee ee rs grax | 3 0.693 0.734 —- 4! 
Boss ces vanee 14 7.20 3 0.754 0.738 + 16 
Sis occas 28.70 4 0.804 0.742 + 62 
WR ck hacekren 41.10 4 ©.702 0.745 —- 43 
Ns wi cmanoginniess 14 52.90 | 4 0.7406 0.747 _- I 
FOR. c@ivstnenn I5 4.50 | 4 0.766 0.750 + 16 
ee ee 21.81 | 3 0.725 0.752 — 27 
BOB ck. vic oe etiars 30.22 | 4 0.792 | 0.753 + 39 
PO aewwesayo 42.44 | 5 0.746 0.755 - 9 
Be conwail | 15 54.00 4 0.791 0.750 + 35 
en eee 16 2.20 5 ©.759 0.750 + 3 
SO oer haains | 12.60 | 4 | 0.758 0.756 a 2 
ROCs es cee 23.50 | 4 | 0.741 0.756 —- 15 
) eee ee ne 34.30 | “4 ©. 763 0.750 a 7 
RR ds in.c ica aes 45.40 | 4 0.735 0.756 — 2 
ee ee 10 50.10 | 5 | 0.729 0.755 20 
BO. aiswtsncines 17 4.00 5 | 0.730 | 0.755 — 25 

| 
BORh code cred aie 10.90 | 5 | 0.691 | 0.754 — 63 
COR 6S eieaes 16.50 5 0.697 0.753 — 56 
BAS oot Swntenson 22.20 | 4 0.746 | 0.752 _ 6 
SESE Mae age rp Sieg 29.70 | 5 i" 6.747 0.752 - 5 
Pale kemakeeees +1 17 36.70 | * +o.721 |+0.750 —0.029 
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TABLE I—Continued 























vb 
Normal Number Phase ———— Se —| Oo-C 
oO Cc 
De itetice arenas +19 17544™20 5 +0747 i+toM749 | —oMoo2 
ee 17 52.00 5 0.741 | 0.748 | — 7 
a aoa eed 18 0.20 4 0.734 0.747 | — 13 
ay Biss eerie 12.60 | 4 0.713 0.744 | — 31 
Bs saa seca 24.20 4 0.708 ©.741 = 33 
BOG a dadsweeums 36.60 4 0.678 0.740 | — 62 
MD 926 6 5 On ola 18 47.60 5 0.744 ) 0.738 | + 6 
Dei astres seas 19 5.80 4 0.774 | @.9732 | > 2 
a sbied wid Gin. eta 24.00 4 0.743 | 0.729 | + 14 
ee eer 35.80 5 0.746 | 0-727 | + 19 
BR ie couse see 46.00 5 0.778 0.725 + 53 
Ads oa Kia Gi 0s 1g 56.40 4 0.694 0.722 _— 28 
MS soiacasthe a cues 20 13.20 4 ©.710 | 0.720 | — 10 
ey ere 25.20 4 0.748 | 0.717 | + 32 
Gi aes sac eae ty 40.60 4 0.748 | 0.713 | + 35 
| 
ERE eee I 20 58.50 4 0.724 | ©7700 | + 
Ee ere re 21 12.39 3 0.647 0.707 | ~— 60 
Widcx ceevacenws 30.06 3 0.708 | 0.703 | + 5 
ic i stern aca 2I 44.30 3 0.736 |} 0.702 | + 34 
was wana lents 22 3.94 3 0. 786 | 0.700 | +. 86 
Dick eis adie 18.39 4 0.674 | 0.697 | — 23 
Oe ee Pane 27.44 4 0.703 | 0.696 | + 7 
eee 36.50 3 0.676 | 0.695 — 19 
ORs 45.60 4 0.729 0.604 + 35 
SS ne 22 58.25 3 0.722 0.693 + 29 
Die hea eas 23 16.28 | 4 0.685 0.692 — 7 
Ee 30.50 4 0.681 0.691 | — 10 
WN hae sd ouctecas I 23 56.44 3 0.686 | 0.690 | — 4 
aa ees 2 0 26.13 2 0.623 | 0.687 — 64 
Pe iecassacseo I 55.63 2 0.598 0.679 | — 8 
Brie b eka e yeas 5 39.70 3 0.741 | 0.665 + 76 
SSPE 6 20.60 4 0.652 | 0.664 | — 12 
Ae 35.20 4 0.686 | 0.663 | + 2 
iG sereéc sane 6 47.20 4 0.681 | 0.662 | + 19 
Dk seiendcas 7 2.50 4 0.696 | 0.662 | + 34 
Di eon ihaiiiay 15.00 5 0.702 0.661 | + 41 
SE ne 27.00 4 0.705 | 0.661 | + 44 
eee 36.30 5 0.660 | 0.661 | — I 
ee 45.60 4 0.733 | 0.661 | + # £72 
Wakes nes aie nneie 7 59.90 4 0.689 | 0.661 + 28 
| 
IS nck aids Guise 8 12.89 4 0.696 | 0.660 + 36 
2 ee 8 37.08 2 0.694 | 0.660 + 34 
Gea hte eccase- 9 15.7 3 0.689 0.660 | + 29 
his duiiers sears 32.30 4 o.711 0.660 | + 51 
rd iceman +2 9 52.10 4 +0.692 +0.660 | +0.032 
| 
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TABLE I—Continued 











vb 
Normal Number Phase Weight Oo-C 
oO Cc 
Rs ere + 24 robr1™30 4 +0679 +o660 +oMo1g 
ee 26.50 4 0.689 0.660 29 
(OED Aree: 36.42 4 0.693 0.660 + 33 
ee ere 45.17 5 0.656 0.660 + 4 
Ns ica cna s emacie 50.90 5 0.6072 0.660 + 12 
Stk asvcasan 10 58.60 5 0.645 0.661 — 16 
-_ Sea Ir 6.30 5 0.686 0.661 + 25 
Pde said. 13.20 5 0.672 0.661 + «8 
a re 20.94 4 0.653 0.662 - 9 
SORE TO ee 41.30 4 0.641 0.663 — 22 
ee ae II 54.90 4 0.667 0.664 + 3 
ER ee ore ss 5.33 3 0.633 0.665 — 32 
ee erage I2 37.10 4 0.624 0.667 — 43 
DON ocean ence rs 22.30 3 0.637 0.668 — 31 
Oss 4.0 sexy sawn 30.90 4 0.617 0.669 52 
re ee 13 49.10 4 0.634 0.670 — 36 
TONS x sincne sb aut 14 8.81 2 0.653 0.670 — «17 
SE ee 14 36.90 3 0.681 0.672 + 9 
RNG sore ak 15 19.70 3 0.692 0.674 + 18 
a sc ec teal I5 50.90 3 0.666 0.678 - 12 
| Sete Fer 16 9.10 4 0.675 0.680 _- 5 
cs crceess 29.40 4 0.630 0.682 — §2 
WR in Sette tease 45.50 4 0.673 0.687 — 
a ois. o.5'e yp bE 16 59.20 4 0.633 0.686 _ 53 
DA. baron Se 7 22.00 3 0.650 0.688 — 38 
I ihe go kwmterican 20 1.70 4 ©.699 0.699 - 5 
| ne eerie 20 36.56 4 ©.739 0.739 + 31 
a eee 2I 20.70 4 ©. 709 0.713 _- 4 
NS 6.00-2kamaaces 21 56.50 4 0.699 0.718 - 19 
Sac itilaceas +2 22 37.64 2 +0.094 +0.722 —0.028 




















The influences of ellipticity of figure and of reflection are apparent 
in the curve. Values of these constants, as well as for the intensity 
at quadrature, and the depth and the phase of secondary minimum 
were found by a least-squares solution. Assuming the brightness 
of the comparison star as 9“94, we have the following magnitudes 
of Y Camelopardalis: at maximum brightness 1o“60; at primary 
minimum, 1241; at secondary minimum, 10™68. 

The solution of the curve on assumptions of uniform illumina- 
tion and total darkening at the limb. were carried through on the 
usual lines. The difference in luminosity of the two stars according 
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to the uniform solution is large. It was impossible to make-a 
satisfactory darkened solution with the retention of all the values 
found from the least-squares solution. In order to retain the value 
0.041 for the difference in brightness of the two sides of the fainter 
star, it was necessary to increase the depth of secondary mini- 
mum by 0.0065, thereby reducing the luminosity of the dark side 
to zero. 

It is interesting to note also that we cannot tell which component 
is the larger until we know to what degree the disks are darkened 

TABLE II 

















Uniform Darkened 

Maximum radius of dark star................ af 0.2451 ©. 2308 
Minimum radius of dark star............... ; | by 0.2287 ©.2152 
Maximum radius of bright star............. ; ab 0.2228 ©. 2604 
Minimum radius of bright star....... eRe teak ate bb 0.2079 0. 2488 
Ratio of radii of each star........ ee here ae b/a 0.934 0.934 
Ratio 1 radi of two stars...............5. os k 1.100 0.866 
EUCHMATION OF OFDIE DIANE. .... 5c. 6 2s oes cece esis i 84°38 $6" 7’ 
Component of orbital eccentricity. ............. € cos w+0.018 +o.018 
Difference of light of sides of dark star....... 2¢ 0.041 0.041 
Light of bright star. . ai athe a inactets teins Lb 0.9408 ©.9590 
Light of brighter side of dark star........... s Lf 0.0502 0.0410 
Light of darker side of dark star................ Lf—2c 0.0092 ° 
Ratio of surface brightness: 

Of the bright star to brighter side of dark star..| Jo/Jy 23 17.8 

Of the bright star to darker side of dark star. . . 125 wa 
Equal-mass densities: 

gE ee 0.0418 0.0500 

So a a re Pesce 0.05506 0.0325 











at the limb. If the stars present uniformly illuminated disks, then 
the darker star is slightly the larger. The darkened solution, on 
the other hand, makes the brighter star considerably the larger. 

The curve drawn out in the diagram and given also under “C” 
in the Table of Normals is the one computed on the assumption 
of total darkening. 

The visual and photographic ranges in primary minimum are 
practically identical. As the dark star supplies but a small fraction 
of the light remaining at primary minimum, no conclusions in 
regard to difference in spectral type of the components can be 
drawn from this fact. 
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Other results of interest are summarized in Table II. The 
unit of length is the radius of the relative orbit. The unit of 
light is the combined light of the brighter sides of the two stars at 
maximum area. The mass of each component is assumed equal 
to that of the sun and the unit of density is the density of the sun. 

PRINCETON UNIVERSITY OBSERVATORY 

June 1921 








THE SPECTROSCOPIC BINARY BOSS 3644, VIRGINIS' 
By JOHN C. DUNCAN 
ABSTRACT 

Spectroscopic binary Boss 3644, Virginis——The elements of the orbit of this sixth- 
magnitude star of type F2 have been determined from eighteen spectrograms. P is 
2.6960 days, K is 24.3 km/sec., y is 17.6 km/sec., and e is 0.00. A velocity-curve 
is given. 

The radial velocity of the star Boss 3644 (a= 148™5, 6= — 22°25’; 
1900.0) was found to be variable by Miss A. M. Brayton from her 
measures of three spectrograms made with the 60-inch reflector 
and single-prism spectrograph early in 1920. During the current 

TABLE I 


OBSERVATIONS OF Boss 3644 


























Days after a 

Plate Date, G.M.T. J.D. 2422000+ oe Velocity o-C 
ere 1920 Feb. 5 1% o6™ 360.046 1.471 | — 3.2] + 2.6 
eee Mar. 31 21 57 415.915 0.724 | +10.6 | — 4.2 
Ce eeused May 31 20 20 470.847 2.344 | +34.2 O. 
es auness 1921 Jan. 29 I 02 719.043 1.900 | +11.7 | + 0.9 
re Feb. 17 23 18 738.971 0.260 | +48.0 ] +10.4 
Se Feb. 19 I 14 740.051 1.340 | — 2.7 | + 4.0 
WOE a ec ess Feb. 20 1 07 741.047 2.336 | +41.8 | + 7.9 
So s0 6510 Feb. 20 22 23 741.933 0.526 | +28.8 | + 3.0 
Ee Par ere Feb. 23 23 11 744.906 0.863 | + 3.6] — 3.7 
ee Feb. 25 22 31 746.938 0.139 | +34.9 | — 5.8 
er Feb. 26 23 35 747.983 1.184 | — 5.6 | — 0.6 
ere Mar.19 21 55 768.913 0.546 | +21.4 | — 3.3 
on ee Mar. 20 19 38 769.818 1.451 | —11.0| — 5. 
eee Mar. 20 22 09 769.923 1.556 | — 3.8] + 0. 
ee Mar. 22 20 17 771.845 0.782 | +13.2 | + 1. 
ae Mar. 23 © 30 772.014 0.951 | + 5.2 | + 2.2 
PO ies ecco Mar. 27 19 16 776.803 0.348 | +32.8 | — 1.6 
ee Apr. 17 22 43 797.947 2.620 | +35.5 | — 6.1 
DONDE co siececs Apr. 27 19 31 807.813 1.702} + 0.2] — 0.9 
| ee oe Apr. 28 19 12 808 . 800 2.689 | +39.9 |] — 2.0 
WE isccwows Apr. 28 19 36 808 . 817 0.010 | +41.0] — 0.9 





* Contributions from the Mount Wilson Observatory, No. 212. 
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year, eighteen additional plates have been secured by various 
observers with the same equipment. All the plates are listed in 
Table I, in which the column headed “Observed Velocity” gives 
for each plate the mean result of Miss Brayton’s measures and 
mine. The numbers in the fourth and last columns are derived 
from the circular elements given below. 

The star is of the sixth magnitude and of spectral type F2. 
From eight to twelve lines were measured on each plate, those 


km/sec ° I 2 3 days 
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Velocity-curve of Boss 3644 


chosen being of iron and occasionally of hydrogen. Preliminary 
elements were derived by the method of Lehmann-Filhés as follows: 

P= 2.6960 days 

K=25.0 km/sec. 

w= 320° 

e= 0.08 
T=J.D. 2422746 .45 
y=+17.47 km/sec. 


A least-squares solution was based on these elements, using 
only the eighteen plates of 1921 and omitting the period. As the 
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resulting correction to the eccentricity was —o.11+0.06, this 
element was assumed to be 0.00 and a second solution was made 
with 7, AK, and y as the only variables. By the first solution Lv 
was reduced from 443 to 338, and by the second it was further 
diminished to 333. The circular elements from the second solution 
and the period originally found are: 


P=2.6960 days 
K=24.341.08 km/sec. 
€=0.00 
To=J.D. 2422744 .103 0.023 
y=+17.60+0.85 km/sec. 
a sin i=902,300 km 
m} sins 7 


(mpm) 9-084 © 


Tg indicates the epoch of maximum positive velocity. In the 
accompanying velocity-curve the radius of the circles representing 
the observations is equal to the probable error of a single plate, 
+ 3.18 km/sec. 


Mount WILtson OBSERVATORY 
June 1921 








